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Solution-processable organic semiconductors (OSCs) allow electronic devices such as 
organic light-emitting diodes, field-effect transistors and photovoltaic devices to be 
manufactured over large areas and by low-cost and materials-efficient techniques such as 
spin-casting spraying, dip-coating and printing.  Among these techniques, printing has been 
well-established in the graphics industry, and can potentially be adapted for the manufacture of 
OSC (opto)electronic devices.  Of these, inkjet printing (IJP) in particular has an important 
advantage for both research and manufacturing in that it provides a droplet-on-demand digital 
placement capability without requiring expensive mask sets and physical contact with 
substrate.  In this thesis, I will address some of the challenges for fabricating high-quality films 
of an important semicrystalline polymer OSC composition, a biblend of regioregular(3-
hexylthiophene): phenyl-C61-butyrate methyl ester (P3HT: PCBM) which can be used as the 
photoactive layer for polymer solar cells.  For this work a research-grade multi-jet printer tool 
was employed.   The thesis describes new insights obtained in the fluid jettability space that 
lead to a new way to represent this space in a jetting voltage-Ohnesorge number diagram, and 
also new IJP guidelines, including a new solvent formulation strategy and drying protocol, that 
together enable high-quality flat-top P3HT:PCBM films substantially free from the usual 
morphology challenges of coffee-stain, volcano and hillside effects, to be printed from 
hydrocarbon aromatic solvents.   The power conversion efficiencies obtained for the printed 
films here approach those made using conventional spin-casting from chlorinated aromatics.  
The strategies should also be applicable to other forms of printing. 
xiv 
 
In Chapter 1, I will provide a general introduction to polymer OSCs, printing 
methodologies and polymer photovoltaics 
 
In Chapter 2, I will discuss the characteristics of the piezo-actuated inkjet printer used 
in this work (Dimatix DMP-2831), together with the general printing parameters such as jetting 
voltage and waveform, modifications to the printer, and IJP best practices that have been 
developed in the course of this work. 
 
In Chapter 3, I will discuss recent results obtained into the fluid jettability space, and 
show that the satellite-free region is bounded by lines in the jetting voltage–Ohnesorge number 
space, with droplet velocity lines that are roughly parallel to these boundaries.  These results 
review new insights in jetting characteristics, and enable the a priori selection of printing 
parameters to match the desired solvent characteristics. 
 
 In Chapter 4, I will discuss the experiments that lead to the formulation of new inkjet 
printing “rules” that enable the printing of high-quality P3HT: PCBM films (in the film 
morphology sense) without the use of chlorinated aromatic hydrocarbons that pose an 
environmental concern.  The new rules cover both solvent selection criteria (vapour pressure 
considerations) and solvent formulation (use of good–poor solvent mixtures with low and high 
boiling points respectively, but matched surface tensions).  The basis for these rules will also 
be discussed semi-quantitatively. 
xv 
 
In Chapter 5, I will describe the performance of polymer solar cells printed using the 
optimal printing protocols developed in Chapters 2-4, and show that the power conversion 
efficiencies of these printed films without using chlorinated aromatics now approach those of 
optimised biblend films obtained by conventional spin-casting from chlorinated aromatics.  I will 
also discuss here a new drying protocol incorporating a controlled decompression as a first 
stage that allows for efficient drying of the printed films.   Together the results validate the 
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Chapter 1 Introduction 
1.1 Organic semiconductor 
 
Ever since Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa were awarded the 
Chemistry Nobel prize "for the discovery and development of conductive polymers” in 2000 [1] 
there is intensive research worldwide by academia and industry [2, 3] on organic semiconductor 
(OSC). There are generally three classes of OSC; they are namely small molecule, oligomer and 
polymer OSC. All three classes are characterized by presence of the alternating single and double 
bonds between the carbon atoms along the organic molecule backbone. This arrangement is also 
commonly known as a conjugated system and a classic example of a conjugated polymer is 
polyacetylene is shown Figure 1-1.  
 
 
Figure 1-1: Polyacetylene is a classic example of a conjugated polymer with alternating 
single and double bonds between the carbon atoms along the backbone. 
 
The conjugated system of carbon-carbon double bonds results in the sp2 hybridization 
carbon atoms to form a sigma-bond (σ-bond) from the in-plane sp2 orbital and pi-bond (π-bond) 
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from the out plane pz orbital. The π-bond is delocalized due to overlapping of the carbon atoms’ pz 
orbitals along the OSC backbone and thus making the π-electrons mobile about the OSC. A 3D 
picture is shown in Figure 1-2. 
 
 
Figure 1-2: 3D illustration of the formation of the π-orbital from the overlapping of the π-
bonds. 
 
According to molecular orbital theory, there will be a bonding and anti-bonding energy level 
for every σ-bond and π-bond, with anti-bonding at a higher energy level than bonding [4]. For OSC, 
the focus is largely on π-bond orbital. The π–bonding level will define the highest occupied 
molecular orbital HOMO while the π*–-anti-bonding will define the lowest unoccupied molecular 
orbital (LUMO) as shown using ethylene as an example in Figure 1-3. As the number of carbon-
carbon double bond increases as in polymer OSC, all the π–-bonding and π*–-anti-bonding levels 
for the π-bond orbitals will interact to form two band analogous to the conduction and valence band 
for inorganic semiconductor. The energy difference in the HOMO to LUMO level defines the band 
gap, also analogous to its inorganic semiconductor, characterizes the OSC optical property. The π-
orbital of one polymer chain can then also interact with the π-orbital of another neighboring 
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polymer chain and cause them to stack together. This effect is known as π-stacking and when 




Figure 1-3: Illustration of the bonding–antibonding interactions between the HOMO/LUMO 
levels of two ethylene molecules in a cofacial configuration and the formation of the valence 
and conduction bands when a large number of stacked molecules interact [4]. 
 
Typical OSC-based (opto)electronic devices that are being researched are shown in 
Figure 1-4. They are namely organic light emitting diode (OLED) [5-8], organic photovoltaic (OPV) 
[5, 9-13] and organic field effect transistor (OFET) [8, 12, 14-22]. Compared to conventional 
inorganic semiconductor, organic semiconductor offers additional dimensions through synthetic 
chemistry to tailor-made ideal material with desirable opto-electrical and physio-chemical 




Figure 1-4: Organic (opto)electronics. (a) Organic light emitting diode (OLED). (b) Organic 
field effect transistor (OFET). (c) Organic photovoltaics (OPV). (Source: NUS ONDL) 
 
Currently, the only wide application of organic semiconductor seen in the market is OLED-
based screen used in mobile devices [23]. However, the application of organic semiconductor is 
still not ubiquitous because the current organic semiconductor is based on small molecules using 
vacuum evaporation deposition process for manufacturing [24]. This process is relatively not cost- 
and time-effective and scalability challenging. Thus, practical OLED application is limited to making 
small area device as in the screen for mobile device. 
 
Nevertheless, given the fact that organic semiconductor can be tailor-made into solution-
processable, rewarding opportunity awaits the use of potentially simple and cost-effective solution 
processing technique to make eminent organic semiconductor into widely useful applications. This 
applies aptly to conjugated organic polymer that possesses the optoelectronic property of 
semiconductor and, mechanical properties and processing advantages of conventional polymer 
[25].   
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1.2 Low cost, large area, flexible, printed organic optoelectronics 
 
The key strength of organic semiconductor lies in its solution processability and hence its 
deposition by techniques such as spin-casting, drop-casting, spraying, dipping and printing [26, 27]. 
The conventional solution deposition technique of spin coating in semiconductor manufacturing is 
not cost effective as >99% of the deposited material is wasted [28]. Thus, to realize low effective 
organic (opto)electronics (OE), printing technology comes prominently into the picture [21]. Printing 
technology allows conservative deposition of required materials onto the substrate with <2% 
wastage in general. Furthermore, printing technology has a higher throughput in patterning than 
conventional semiconductor lithography, which requires also expensive mask sets and equipments, 
as roll-to-roll production technique can be adopted in unison with printing as in graphic arts industry. 
This combination also allows large area optoelectronics to be produced more cost-effective as roll-
to-roll production is more scalable than conventional semiconductor manufacturing whereby 
vacuum processes and bulky robotic handling equipments are involved. As a result, printing 
technology allows low cost, large area, flexible OE to be realizable more feasibly than conventional 
semiconductor manufacturing, which is typically lengthy and costly as sophisticated processes and 
equipments are involved [29]. 
 
In organic semiconductor, there is no substrate constraint like inorganic counterpart due to 
lattice mismatch [30]. Therefore, different substrates can be used and these include plastics 
substrates. Thus, flexible electronics, via use of plastic substrate, can be realized with organics 
electronics as printing is also typically a low temperature process. In addition, roll-to-roll production 
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technique is flexible substrate friendly. The potential of printable flexible organic electronics 
motivates the research drive towards organic devices even though the performance of organic 
electronics typically pale in comparison to its inorganic counterpart. This is because there are many 
applications that prefer flexible electronics with no high performance but cannot be served by 
conventional rigid semiconductor. 
 
Making large area optoelectronics generates strong interest because of its huge potential 
in display applications and solar cell. Nowadays, flat screen TV with >46” in size is commonplace 
and there are signs that this size will keep on increasing as most consumers want their TV to be 
large to enjoy cinematic experience at home. In January 2013, the annual CES in Las Vegas saw 
Panasonic and Sony showcased their printed 56-inch 4K Ultra HD OLED TVs as shown in Figure 
1-5. 
 
Figure 1-5: 56-inch 4K Ultra HD OLED TV showcased in CES2013 by Panasonic (left) and 
Sony (right). (source: www.techradar.com) 
 
At the same time, the ability to make large area optoelectronics with cost effective printing 
technology spells well for solar cell industry that faces the stress of beating grid parity. Currently, 
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there is sadly no ‘strong’ pull factor to move towards solar cell as energy source even though it 
helps the world fight climate change issues due to global warming. Imagine the possibility of 
printing solar cell like newspaper at low cost will certainly gives solar cell as a feasible energy 
source a big lift for the industry and certainly the environmentalist. There are various printing 
systems in printing technology that are already employed in graphic industry that could potentially 
be applied to printed electronics eventually. These are shown in Figure 1-6 and roll-to-roll 
technology is also shown to be integrated into the printing technology. 
 
 
Figure 1-6: Printing technology. (a) Flexographic printing. (b) Gravure printing. (c) Offset 




High volume printing technologies such as flexographic, gravure and offset that lateral 
resolution ranges from 20µm to 100µm depending on process and there has been progress to 
print feature with size as small as 10µm. While lower throughput printing techniques such as inkjet 
and screen printing has resolution around 10µm and 50µm respectively.Most of the research 
attention in printing technologies for printable electronics has been on roll-to-roll techniques 
because of their higher throughput but inkjet printing is the focus for this thesis and the reasons for 
making this choice will be touched on further in Chapter 2. However, challenges for inkjet printing 
as OSC film deposition manufacturing tool exist and these include stability of inkjet droplet 
formation, ink drop and substrate interaction in terms of wetting and spreading as well as the 
impact of inkjet printing induced macro- and nano- morphology of functional film on OSC device 
performance. These challenges, which are currently being actively research, are addressed in this 
work. 
 
In summary, printable OE offers interesting prospects that may revolutionize the clean 
energy and display industry, not including a lot of other potential interesting niche untapped 
applications that could be spawn from printable flexible optoelectronics that is cost effective as well 





1.3 Organic solar cell 
 
Organic solar cell is attracting a lot research interest because of its potential to be low cost 
and flexible. Being low cost is important because solar cell has to beat if not match grid parity in 
order to be adopted as serious source of energy. Organic solar cell has the potential to be flexible 
and this is important because this makes it more appealing than other competing solar cell 
technology such crystalline silicon solar cell. Its flexibility enables it to be applied in many niche 
areas that are not addressable by the conventional rigid crystalline silicon solar cell such as 
building integrated photovoltaic and aesthetic shelter in Figure 1-7. 
 
Figure 1-7: Building integrated photovoltaics (BIPV);(left) and Flexible OPV cells integrated 
in car shades provides both power and natural cooling;(right). (source: Konarka) 
 
The organic solar cell typically consists of an electrondonor and an electronacceptor 
organic material sandwiched between an anode and cathode as shown in Figure 1-8, which 
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illustrates how electricity is generated in 5 stages. Figure 1-8 shows the processes that take place 
when photons are incident onto the device through the glass. (1) Photons are absorbed usually in 
the donor material within the active layer to create an electron-hole pair (exciton). (2) These 
excitons can then diffuse to the donoracceptor interface. (3) Charge separation occurs only when 
the excitons managed to diffuse to the donor-acceptor interface where they are dissociated to form 
the respective charges. (4) The separated free charges (electrons and holes) are transported to 
their respective electrodes (5) via internal electric field caused by the different work functions of the 
electrodes to drive the external circuit  [35].  
 
 
Figure 1-8: Electricity generation mechanism by organic solar cell 
 
The typical donoracceptor can be in a bilayer or a blend configuration as shown in Figure 
1-9. The bilayer involves deposition of the donor on a transparent electrode first and then follow by 
the acceptor. The cell is completed with deposition of a metal as cathode on top of everything. In 
the case of bulk hetero-junction cell, the donor and acceptor is mixed together as a solution and 
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then deposits onto a transparent electrode. A metal is deposited on top to complete the device. 
Phase separation will occurs as the donoracceptor blend is deposited onto transparent electrode 
with the donor settles towards anode while the acceptor settles towards the cathode. This allows 
the cell structure shown in Figure 1-10 to be established. Furthermore, the bulk heterojunction cell 
will have a network of donor-acceptor throughout the organic film. This is beneficial as compared to 
the bilayer cell because exciton has a diffusion length of around ~10nm. Having an interpenetrating 
donor-acceptor network will ensure more excitons coming to a donor-acceptor interface to allow 
their dissociation into electrons and holes.  Thus, bulk heterojunction solar cell is generally the 
preferred way for device fabrication as it is simpler and favours higher cell efficiency. 
 
 
Figure 1-9: (Left) A typical example of a bilayered planar cell where the electrondonor and 
electronacceptor are stacked over one another. (Right) A dispersed hetero-structure where 
the acceptor and donor are intermixing within the active later 
 
 
The most studied donor-acceptor system organic cell is the P3HT-PCBM bulk 
heterojunction [36-40]. This is because it is the first most promising organic solar cell in terms of 
processability and efficiency [41, 42]. A typical cell structure is shown in Figure 1-10 and a 
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microscopic picture of the charge generation process between rrP3HT and PCBM under 
illumination is depicted Figure 1-11. 
 
 
Figure 1-10: Schematic of a P3HT-PCBM bulk hetero-junction solar cell 
 
 
Figure 1-11: Molecular schematic of P3HTPCBM photocurrent generation after exciton 




Figure 1-12 shows the typical electrical characteristics of a solar cell under light 
illumination from which to derive the key metric for a photovoltaic cell the power conversion 
efficiency (PCE), η: 
 
 
max max sc oc
inc inc
J V J VFF
P P
       (1.1)
 
 
where Pinc is the incident power density from the calibrated AM1.5 solar simulator, Jsc is the short 
circuit current as shown in Figure 1-12, Voc is the open circuit voltage also obtained from Figure 
1-12 and FF is the fill factor which defines the ideality of the solar cell towards the maximum 
potential power able to be generated by the solar cell. Spectral mismatch calibration and correction 




Though many alternative organic materials system had been proposed for organic solar 
cell, polymer-fullerene system continues to be researched widely. For the past seventeen years, a 
significant progress has been made on the improvement of the power-conversion efficiency (PCE) 
of polymer-fullerene BHJ solar cells, and the achieved efficiencies have evolved from less than 2.9% 
in the poly(phenylene vinylene) (PPV)/ system in 1995 [40] to 4.4% in the poly(3-hexylthiphene) 
(P3HT) system in 2005 [43] to current record of 7.4% was reported by Yu et. al. using blend of 
fluorinated thieno[3,4-b]thiophene and benzodithiophene (PTB7) and PC71BM (a C70-based 
fullerene) in 2010 [44]. This was achieved through purposeful design of the polymer structure to 
promote electron mobility along polymer backbone, obtain desired energy level alignment between 
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polymer and fullerene, tune bandgap of absorption to better match solar spectrum, enhance better 
































Figure 1-12: Typical I-V curve of organic solar cell under illumination where power 
conversion efficiency of the solar cell is acquired. 
 
Furthermore, the ratio polymer to fullerene has to be optimised to achieve a correct 
thickness of film that makes out of bicontinous network of donor and acceptor that allows diffusion 
of photogenerated exciton to the interface and the transport of charges to the respective electrodes 
from the dissocated exciton at the intreagce. However, 7.4% is below the 10% benchmark that 
many regard as a milestone for organic solar cell to be commercial viable. Thus, many have turned 
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to a tandem organic solar cell whereby there are two donor/acceptor systems adjoined back-to-
back to capture a wdier solar specxtrum for electrical power conversion. In 2013, Helitak reported 
that they had managed to achieve a world record of 12% power efficiency from their tandem 
organic solar cell as shown in Figure 1-13.  
 
Figure 1-13: Tandem organic solar cell. (source: www.heliatek.com) 
 
However, vacuum deposition technique was used to fabricate the tandem organic solar 
cell and this poses an unfavourable position as compared to printing deposition as vacuum can be 
an expensive process. There will be a foreseeable challenge to make the processing technology 
cheap enough to fabricate low cost organic solar cell to meet grid parity. Against this backdrop, 
organic solar cell is chosen as the ideal prototypical OSC device to be examined for tackling the 
inkjet droplet jettability and subsequently film formation and drying to give the desired macro-
morphology of the film and nano-morphology of the BHJ OPV material components. These 
processes are important for the fabrication of high-quality organic solar cells that are efficiency 




1.4 Thesis motivation and outline 
 
This work focused on the use of inkjet printing technology as a prototyping tool for solution 
processable organic semiconductor to investigate, understand and tackle the limitations and 
challenges of printing in general as a manufacturing process for OSC. The aim is to demonstrate 
experimentally the feasibility of printing, in particular inkjet printing in this work, as a general 
technique for making solution processable OE with performance that are in no way much inferior to 
those made using conventional solution deposition of spincasting. 
In Chapter 2, I will introduce the piezo-based research grade inkjet printer that is being 
used in this work as a model printing technology for highlighting the challenges faced by printed 
OE. Considerations on solvent system, jetting voltage, jetting waveform and platen temperature for 
inkjet printing of conjugated organic polymer will be discussed. Original printer enhancements 
made to adopt the printer for printed OE purpose is discussed as well. 
In Chapter 3, I will discuss about the defining the jettability space of inkjet printer as this 
has implication on the types of solvent system (i.e. surface tension, vapour pressure, solvation 
power) that can be used for solution processable OSC that can be formulated as ink for printed 
organic electronics (OE). 
 In Chapter 4, I will talk about the challenge of inkjet printing film with desired morphology 
for OE and the proposed ink solvent system formulation strategies to counteract the problem. 
In Chapter 5, I will demonstrate the used of the ink solvent system formulation strategy that 
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Chapter 2 Inkjet printing for printed organic optoelectronics 
 
Printing technology is well-established in the graphic industry and there is a lot of 
interest to translate that knowledge and experience to fabricate organic (opto)electronics (OE) 
that is low cost and flexible at a high throughput from solution processable organic 
semiconductors (OCSs).  Various printing methods have been actively studied, especially 
those that can easily adopt roll-to-roll production techniques. Among these methods, inkjet 
printer offers the unique advantage to deposit patterned OSC film without mask and template 
by a drop-on-demand (DOD) manner. Furthermore, inkjet printer is relatively more ink 
conservative compared to other printing methods and this can result in huge saving as organic 
functional materials for OE can be rare and expensive, especially at the research and 
development stage. This justifies the use of inkjet printer as a relatively economical and flexible 
tool for prototyping of printed OE in this work. At the same time, inkjet printer can scale in 
principle by having multiple nozzles to process large area OE. Thus, a piezo-based research 
grade inkjet printer (Fuji Dimatix DMP-2831) is adopted and developed for printed organic 
electronics (OE) applications. As graphic industry is very different from the OE industry, the 
solutions and findings of using DMP-2831 for printed OE will be discussed. For example, the 
ink formulation for functional materials is challenging as additives used to promote printing 
quality and reliability in the graphics field cannot be used as it might affect the device 
performance. Hence, considerations on solvent system, jetting voltage, jetting waveform and 
platen temperature for inkjet printing of conjugated organic polymer will be discussed. Original 





Since the Lord Rayleigh’s observation of the breaking of an unstable liquid stream into 
droplets in 1878 [1] that gave birth to inkjet printing technology, inkjet printing has since made 
great progress. From the earlier inkjet printer with low resolution and no colour to today’s 
desktop inkjet printer that can be found easily in many homes and offices with capability of 
printing of full-colour, high-resolution photographs. In the commercial printing, inkjet printer is 
typically used for digital proofing before a print job is being run on a press for posters or rigid 
billboard [2]. Inkjet printers are also being developed for integration with offset presses to print 
customized information in magazines, such as tailored advertising. In industry, inkjet 
technology is the dominant technology for printing variable information such as “sell-by” dates 
or product identification codes, as part of production or packaging processes.  
 
There is growing interest to focus to tap on the advancement made in inkjet printing to 
adopt it for manufacturing deposition purpose. First of all, it can be integrated together with roll-
to roll production method for high throughput and it is able to process large area substrate. 
Secondly, it is non-contact; as such the substrate is free from surface damages while the 
printer head moves across the substrate. Inkjet patterning also allows for additive patterning, 
where patterning is achieved at the same time as material deposition. This step removes the 
need for tedious multiple process of deposition, photolithography and then etching to form 
patterns. Lastly, the printing patterns can be input via computer on the fly; hence designs can 
be flexible and catered to different deposition layers immediately. This removes the need to 
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produce any patterning mask, hence cut down turn-around-time. Also, unlike conventional 
solution deposition technique  such as spin-coating that waste >99% of solution, in inkjet 
printing, droplet in the 1 – 10pL volume is deposited with precision onto any desired location on 
the substrate, hence produces very little wastage [3, 4].  
 
Thus, inkjet printing (ijp) is emerging as a potential manufacturing tool for advanced 
electronic and also biomedical films [5-8].  The most exciting of these new applications include 
deposition of conductive tracks [9-15], polymer organic (opto)electronic (OE) devices [16-23], 
biological tissues [24-28], and 3D ceramic parts [29-34]. Two modes of operation can be 
distinguished: (i) continuous ijp, in which a continuous stream of the materials formulated into 
an “ink” is periodically perturbed to generate droplets via the Rayleigh breakup, and (ii) droplet-
on-demand ijp, in which discrete droplets of the ink are ejected on demand using pressure 
pulses.  The second mode is particularly suited for the controlled deposition of patterned films 
and has thus been most extensively developed.  The key advantages of droplet-on-demand ijp 
over other techniques, such as spin-casting [35-37], lie with its digital and droplet placement 
compatibility, which allows a materials-efficient “maskless” deposition of patterned films to be 
achieved at speed with possible adjustments in real time.   
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2.2 Inkjet technology 
 
Figure 2-1 shows classification of inkjet technology into two main groups, the 
continuous group and the drop-on-demand (DOD) group. In the history of inkjet printing (IJP), 
the continuous group is the predecessor of the DOD group in the graphics industry. Both 
continuous and drop-on-demand one is further classified into 4 different types.  
 
 
Figure 2-1: Inkjet technology map [38]. 
 
Figure 2-2 shows a typical setup of a continuous inkjet system and its jetting 
mechanism. As the name suggested, ink droplets are being jetted continually from a liquid 
stream when it reaches a critical length, whereby the surface tension will breakup the liquid 
stream into droplets to minimise the surface energy and is well-known as the Rayleigh 
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instability [1]. The droplets are charged as they pass through a first pair of electrodes.  As a 
result, when these droplets reach the second pair of high voltage and the path of the droplet 
can be controlled electrostatically. If droplet is not required on the substrate, a voltage will be 
apply at the high voltage such hat the droplet will be deflect from its normal path and direct into 
a gutter, where it will be recycled back into the ink reservoir. 
 





Figure 2-3: Design schematic of a roof shooter design (left) and edge shooter design 




In Figure 2-3, two variants of a thermal-based drop-on-demand inkjet are shown 
though their mechanism for jetting is essentially the same. The ink droplet is jetted after a 
bubble is formed via thermal heating that creates a positive pressure in the fluid channel to 
force (jet) an ink droplet out of the nozzle. 
 
 
Figure 2-4: Design schematic of a squeeze mode (figure a), shear mode (figure b), push 
mode (figure c) and bend mode (figure d) of a piezoelectric inkjet device [38]. 
 
In Figure 2-4, four different configurations of piezo-based inkjet print head are shown. 
Each of them use a different applications of compressive force generated on the fluid channel 
by a piezoelectric ceramics to jet out an ink droplet. Nevertheless, the underlying principle is 
still based on the mechanical force generated by electrical potential via the piezoceramic that 




2.3 Piezo-based inkjet printer - FUJI-DIMAITX DMP-2831 
2.3.1 Printer system 
 
The piezo-based printer used for this thesis work is FUJI-DIMATIX DMP-2831. A 
drawing of DMP-2831 is shown in Figure 2-5. It can print on substrate of size up to A4. The 
platen has vacuum suction and its temperature can be adjusted from 28°C to 60°C. The print 
carriage shown in Figure 2-6 houses the fiducial camera to pinpoint the printing origin and also 
the drop watcher to inspect the integrity of nozzle jettability.  The ink is loaded to the printer via 
a print cartridge onto the print carriage. The drop spacing for inkjet droplets during printing is 
also set at the print carriage. 
 
The print cartridge consists of a fluid module and jetting module as shown in Figure 
2-7. There are 16 nozzles on the jetting module which can be addressed independently to 
control the number of nozzles to be used during printing as well as the jetting voltage applied 
to each nozzle.  The volume of each jetting droplet is around 10-pL for the DMC-11610 print 
cartridge. The fluid module allows the loading of 1.5mL of ink for each print session. There is a 
heater element attached to the nozzle plate to allow the heating of up to 70°C, This can come 
in handy to allow very viscous ink to be jettable upon heating. 
 
 The actual photograph of the whole Fuji Dimatix DMP-2831 inkjet printer that is used 





Figure 2-5: FUJI Dimatix DMP-2831. 
 
 





Figure 2-7: DMC-11610 print cartridge. 
 
 





2.3.2 Jetting mechanism and control 
 
To understand the inkjet mechanism for a piezo-based inkjet nozzle, an illustration of 
its cross section is shown in Figure 2-9. The nozzle is supplied with ink via pumping chamber 
that is flexed by a piezoelectric crystal. A filter is lined in the pumping chamber to prevent 




Figure 2-9: Cross section of DMP-11610 – a piezo-based inkjet nozzle [39]. 
 
 
Each jetting cycle of the piezo-based nozzle for DMP-2831 can be described in four 
different stages as depicted in Figure 2-10. In stage 1, voltage is applied to the piezoceramic to 
keep the pumping chamber at a relaxed condition to allow filling of ink to the nozzle brink. This 
stage limits the maximum amount of ink drop to be jetted. In stage 2, a voltage is applied to the 
piezoceramic to compress the pumping chamber to jet out ink through the nozzle. The rate of 
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voltage rises determines the velocity of the jetted droplet and amplitude of the applied voltage 
determines the volume of the jetted ink droplet. In stage 3, a voltage is applied to the 
piezoceramic to modulate the extent of pumping chamber constriction and induce a necking of 
the jetted drop to prevent a long trailing tail of inkjet droplet. In stage 4, a voltage is applied to 
the piezoceramic to return the pumping chamber to its relaxed state so as allow ink to refill the 
pumping chamber again for the next jetting cycle. 
 
 






The detailed specifications of DMP-11610 that is used with DMP-2831 are listed in 
Table 2-1: Specifications of DMC-11610 nozzle module. There are two types ink bag that is 
used by DMP-11610. They are made of polypropylene and liquid crystal polymer, with the 
latter preferred and chosen for this work as it can withstand harsher solvents that could be 
used in the ink formulation. 
 
Table 2-1: Specifications of DMC-11610 nozzle module 
 
 
Degassing is done to the ink before printing remove to any microbubble in the ink that 
may affect the jetting performance. This action is found to be very relevant for the polymer 
solution inks that were prepared and used in this work. This is due to the higher viscosity of the 
parameter DMC-11610
Number of addressable jets 16
Nozzle spacing 254μm
Nozzle diameter 21.5μm
Calibrated drop size 10pL
Adjustment range for drop size N/A
Drop size variation 3.5%
Nominal drop velocity 8m/s
Drop velocity variation N/A
Operating temperature range Up to 70oC
Fluid viscosity range 10-12cP
Compatible jetting fluids Organic solvents. UV curables, aqueous, acidic, basic
Maximum operating frequency 80kHz
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polymer ink that has the tendency to trap air during the transfer of polymer solution. This 
degassing step is carried out after the polymer ink is injected into the print cartridge fluid 
module. The fluid module capped loosely with ink is then placed inside a vacuum dessicator, 
which is then pumped down at a rate of 5mbar/s till 100mbar and hold there for 2mins as 
illustrated in Figure 2-11. The vacuum dessicator is then vent back to atmospheric pressure 
and the fluid module is fixed with print module and plugged into printer to be prepared for 
printing. The jettability of the nozzles can be observed under the drop watcher feature of the 
DMP-2831. The drop watcher also allows the real time tuning of the jetting voltage and 
waveform to achieve stable jetting behaviour from the printer. Figure 2-12 shows how the 
dropwatcher can be used to identify the integrity of the inkjet droplets. 
 
 




Figure 2-12: Drop watcher images of a good droplet formation (A), formation of satellite 





2.3.3 Solvent system for ink formulation  
 
Besides degassing, the vapour pressure and surface tension of the ink will also affect 
the jetting quality of the nozzles. A study was carried out to find the limit of the ink vapour 
pressure that can be jetted by DMP-2831.  A selection of common solvents with different 
vapour pressures were selected and observed the stability of jetting under dropwatcher.  
Jettability of different solvents with DMP-2831 shows the direct correlation between the vapour 
pressure and jettability for the solvent used with DMP-2831. The results are listed in Table 2-1. 
 
Table 2-2: Jettability of different solvents with DMP-2831. The reference temperature for 
the listed physical constants is 20°C.  
 
 
Solvent Boiling point (°C) Surface tension, (mJ/m2)
Vapor pressure, Pvap
(mbar) jettability 
Trichlorobenzene 214 39.1 0.67 Y 
Butylbenzene 183 28 0.7 Y 
1,2-dichlorobenzene 181 37 1 Y 
Decane 174 23.8 1.33 Y 
Mesitylene 165 26 2 Y 
Chlorobenzene 131 33 9 Y 
p-Xylene 138 28.3 12 Y 
Toluene 111 26 22 Y 
Water 100 72.8 23 Y 
Isopropyl alcohol 82 23 44 Y 
Hexane 69 18.4 176 N 
Tetrahydrofuran 66 26.4 191 N 
Chloroform 61 27.5 213 N 
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 Furthermore, the solvent quality is an important factor to be taken into consideration 
for formulating OSC ink, in particularly, conjugated polymer ink. This is because there is a 
possibility for conjugated polymer chains to form aggregates due to π-π interaction that could 
choke up the print nozzle. A good solvent is one in which the polymer chains exist in the 
random coil state.  A borderline solvent is one in which the polymer chains begin to aggregate 
by π-stacking. In order to prevent this from happening, a visual solvatochromic test can be 
carried out to assess the stability of the ink formation for inkjet printing purpose. In Figure 2-13, 
five different solvent systems were formulated for a common conjugated polymer concentration. 
The solvation power of the 5 solvent systems varies from bad (left most) to good (right most). It 
can be seen that after 1.5hr, colour of the bad solvent system had turned much darker and 
there are appearance of residue forming on the val wall. On the other hand, the good solvent 
composition had remained similar in colour as its initial state and there is no clear sign of 
residue forming on the vial wall.  
 
 
Figure 2-13: Solvatochromic test for evaluating the stability of formulated conjugated 
polymer ink for reliable inkjet printing. (Left) Initial colour state for the 5 different solvent 
systems formulated. (Right) Colour state after 1.5hr. The vials were inverted to facilitate 




Thus, the solvent quality influences solution rheology as the viscosity of the ink can be 
tune by the degree of gelation, due to π-stacking of polymer, induced via solvent used. At the 
same time, the viscosity of the ink is also dependent on the concentration, molecular weight 
and regioregularity of the polymer [40]. As a result, ink viscosity has to be careful optimized as 
it affects not ink jettability and hence excitation voltage required until reliable jetting can be 
achieved, but also the pre-determine amount of material that would be deposited per unit area, 
and hence the thickness of the film. More on ink viscosity will be covered in chapter 4. 
 
 
Figure 2-14: BB = Butylbenzene, MS = Mesitylene, CB = Chlorobenzene. (a) As the 
component of CB is increased, the depinning issue of the film becomes more serious. (b) 
Similarly, as the component of BB:MS is increased, the depinning of the film becomes 
more serious.   
 
For certain printing applications or materials, the use of mix solvent composition for ink 
formulation maybe required. In this case, the choice of solvents used with comparable vapour 
pressure and surface tension is very important. If this criterion is not met, it is very likely a 
38 
 
depinning problem will occur. An example is shown Figure 2-14. This applies fittingly to 
conjugate polymer based ink whereby mix solvent formulation is required to print film with nice 
morphology.  More on mixed solvent system will be covered in chapter 4. 
 
The depinning problem is believed to be due the choice of solvent used in the mix 
solvent system. Figure 2-15 shows that as the liquid film of BB:MS:CB is evaporating, the edge 
will have higher evaporation rate than the centre [41]. As a result, there will be CB-rich and CB-
poor region in the droplet as CB has lower boiling point than both BB and MS. At the same 
time, CB has a higher surface tension than MS and BB. As a result, Marangoni forces will be 
set up with a net force directed towards the centre of droplet. Thus, this explains why there is 
depinning of the film seen in Figure 2-14. 
 
 
Figure 2-15: Depinning due to the Marangoni forces due to surface gradient generated 




2.3.4 Ink and substrate interaction for inkjet film printing  
 
In order to print a film using inkjet printer, the footprint of an ink droplet on the 
substrate is important. The footprint of an ink droplet is dependent on the contact angle (α) that 
is defined by the 3 interfacial tensions between the droplet, substrate and air (SL, LV & SV).  
Figure 2-16 illustrates the relationship between the 3 tension and the contact angle. Assuming 
an ink droplet with spherical cap is formed on the substrate, the footprint of the ink droplet can 
be estimated using the model in Figure 2-17.  
 
 
cosSV SV LV       (2.1) 
Figure 2-16: Contact angle () of ink droplet on a substrate defines by the three 




Figure 2-17: Spherical cap model for ink droplet 
 
From the spherical cap model, the radius of the droplet footprint can be calculated 
using: 
ܽ ൌ  ቂ ଺௏೎ೌ೛గሺଷ௙ሺఈሻା ௙ሺఈሻయቃ
భ
య , where ݂ሺߙሻ ൌ ଵିୱ୧୬ ሺఈሻୡ୭ୱሺఈሻ  (2.2) 
 
Acquiring the basal radius (a) is important for inkjet printing of film because, as a rule 
of thumb, the drop spacing (center-to-center of adjacent droplet) for the inkjet printing must be 
smaller than 2 times the basal radius in order for the neighbouring droplets to coalesce on the 




Figure 2-18: Drop spacing critique for inkjet film printing 
 
The required drop spacing to ensure the forming of film from the ink droplet is acquired 
by setting the print cartridge at an angle (θ°) at the print cartridge as shown in Figure 2-19 
using a 6 nozzle print head as an example. The nozzles will be programmed to jet only when 
they are in preset print region for film formation. If the nozzles are not able to cover the print 
region in one pass, they go for another pass until the jetting nozzles can deposit the print 












2.3.5 Printer enhancements for inkjet printed organic optoelectronics 
 
A number of enhancements were made during this work to DMP-2831 to extend 
capabilities beyond its specifications. For the platen temperature, the original DMP-2831 can 
only varies from 28°C to 60°C, which were found to be too narrow to study temperature impact 
on IJP of film. Enhancements were made to extend the temperature variation from 20°C to 
140°C as shown in Figure 2-20, by introducing a commercial peltier cooler to extend the lower 
limit of the platen temperature while the upper temperature limit is raised by introducing home-
made hotplate using a steel plate with tungsten wire coil beneath. They are powered by an 
external power supply not shown in the figure and temperature calibrated by Fluke (51-2) 
thermocouple. 
 
Figure 2-20: (Left) Peltier cooler attached to the DMP-2831 platen using polyimide tape 
as cold stage for IJP. (Right) Home-made hotplate that is used to raise the upper 




To prevent potential photooxidation of the organic ink during IJP, the DMP-2831 can 
be inserted into a N2 glove-bag that is connected to a chemical exhaust to purge the build-up 
of solvent vapour during IJP as shown in Figure 2-21. 
 
Figure 2-21: DMP-2831 enclosed in a N2 glove-bag to prevent photo-oxidation of organic 
ink that may degrade the performance of inkjet printed organic devices. 
 
A laminar flow with flow curtain is also constructed to speed up the drying of printed 
film if required and the setup is shown in Figure 2-22. Figure 2-22 (Left) also shows the 
combination of the laminar flow setup in a N2 glovebag that can be essential for IJP of good 




Figure 2-22: (Left) Incorporation of laminar flow and flow curtain to DMP-2831 to 
enhance the drying time of inkjet printed film. (Right) Incorporation of the laminar flow 
together with the N2 glovebag. 
 
As the inkjet printing in this work deal with conjugated polymer, there is a possibility 
that over time during the printing process the conjugated polymer ink in the cartridge might -
stack and aggregate, which in turn caused choking to the nozzle. This problem can occur 
easily as there will be time whereby the use of poor solvent or solvent composition is needed 
for good printed film morphology. This will be covered more in Chapter 4. To mitigate this 






Figure 2-23: Heat mats applied to cartridge body in situation where there is a need to 
apply heat so as to pervert the conjugated polymer ink from -stacking and cause 






In this chapter, the overview of inkjet printing technology is given and different types of 
inkjet printer were covered. The piezo-based inkjet printer, FUJI DIMATIX DMP-2831, was 
chosen to be used in this work because the jetting mechanism did not require the introduction 
of heat that may damage or degrade the printed conjugated polymer for device fabrication. In 
addition, the DOD feature allows ease and flexibility in the deposition of patterned film. The 
DMP-2831 is described in operational details and, the jetting mechanism hence control for 
jetting is also discussed. Besides good understanding and control of the jetting from printer 
perspective, the solvent system that is used for conjugated polymer ink formulation for stabile 
and reliable jetting. The concept of fluid and substrate interaction is important to give proper 
inkjet film printing. Enhancements were done to the DMP-2831 to facilitate the inkjet printing of 
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Chapter 3 Jettability space of piezo-based inkjet printing 
 
The influence of fluid droplet properties on the droplet-on-demand jetting of a Newtonian 
model fluid (water-isopropanol-ethylene glycol ternary system) has been studied.  The composition 
of the fluid was adjusted to investigate how the Ohnesorge number (Oh) influences droplet 
formation (morphology and speed) by a microfabricated short-channel shear-mode piezoelectric 
transducer.  The fluid space for satellite-free single droplet formation was indeed found to be bound 
by upper and lower Oh limits, but these shift approximately linearly with the piezo pulse voltage 
amplitude Vo, which has a stronger influence on jetting characteristics than pulse length.  Therefore 
the jettable fluid space can be depicted on a Vo–Oh diagram.  Satellite-free droplets of the model 
fluid can be jetted over a wide Oh range, at least 0.025–0.5 (corresponding to Z = Oh–1 of 40–2), by 
adjusting Vo appropriately.  Air drag was found to dominate droplet flight as may be expected.  This 
can be accurately modeled to yield droplet formation time, which turned out to be 20–30 s under 
a wide range of jetting conditions.  The corresponding initial droplet speed was found to vary 
linearly with Vo, with a fluid-dependent threshold but a fluid-independent slope, and a minimum 
speed of about 2 m s–1.  This suggests the existence of iso-velocity lines that run substantially 







Inkjet printing (ijp) has been extensively investigated as a potential manufacturing 
technique for 3-dimensional structures using particulate-loaded “inks” [1-7]. More recently, it has 
been actively studied also for the manufacture of functional thin films, including conductive metal 
tracking [8-15], polymer organic semiconductor devices  [16-27], photoresist films [28] and bio-films 
[29-32].  There are two principle modes of operation of ijp: (i) continuous ijp, in which a continuous 
stream of the ink is periodically perturbed to generate droplets; and (ii) droplet-on-demand ijp, in 
which these droplets are ejected using pressure pulses [33].  In the latter mode, a user-defined 
jetting (i.e., voltage) waveform is applied to the piezo actuator to deform the fluid channel and 
generate the pressure pulse that ultimately ejects a fluid droplet through the nozzle at one end of 
the channel.  This mode is highly versatile and hence widely employed for prototyping.   
 
The fundamental advantage of ijp over other traditional film-forming methods for the 
deposition of functional thin films lies in its digital droplet placement capability.  This allows for the 
desired films to be formed at the desired location and simultaneously patterned in a “maskless” 
process, which is both materials and energy efficient, and at speed with possible real time 
corrections.  Hence ijp is potentially also a green manufacturing technology.  In contrast to 3-D 
fabrication however, functional thin-film deposition faces a more complex set of challenges, which 
includes the requirement to deposit shaped fluid puddles that may differ widely in viscosities and 
surface tensions, on substrates or foils that may themselves have pre-formed structures.  The fluid 
puddles are then required to dry down to the final solid thin films without fluid migration, dewetting 
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and other unintended morphological effects.  Some aspects of these processes have received 
attention recently, such as deposition effects [34-37], drying effects [38-40] including coffee stains 
and their suppression [13, 41-43].  Furthermore, the effects of inkjet printing on the morphological, 
optical and transport properties of semicrystalline polymer semiconductor films are beginning to be 
mapped out [44].   
 
On the other hand, the jetting of droplets particularly of model fluids from macro tubular 
transducers has been much more extensively studied, and the key features are understood at both 
computational and experimental levels [45-50].  Nevertheless several aspects still require some 
work, such as the dependence of jetting characteristics on fluid properties and driving conditions 
for the microfabricated transducers. These are particularly useful for thin-film materials deposition 
because they can be extensively multiplexed.  Although microfabricated transducers also utilize 
pressure pulses to jet fluid droplets, their short fluid channel length together with a long piezo 
actuator that covers much of this length [51] suppresses the strong channel resonance that 
characterizes longer channels in the usual macro tubular transducers [52, 53].  This enables the 
use of simple fire-then-fill rectangular jetting waveforms to jet the droplets, in which Vo rather than 
pulse length dominates the jetting characteristics, provided the pulse length is longer than a few s.   
 
In the course of an extensive experimental jetting study using a commercial 
microfabricated transducer array (Dimatix DMC-11610), we found that the fluids that can be jetted 
as single droplets are indeed bound by upper and lower Ohnesorge Oh limits as previously 
described [7, 54, 55], but these shift approximately linearly with the pulse voltage amplitude Vo. 
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Fromm was one of the first authors to computationally investigate droplet formation, and he found 
that jetting is possible up to Oh of 0.5 for a particular maximum pressure pulse in a tubular 
transducer [52, 53].   Reis and Derby subsequently refined the model to give upper and lower Oh 
limits of roughly 1 and 0.1 respectively [7, 54, 55], which were subsequently verified using 
particulate-loaded inks [7].  Although an influence of the transducer excitation voltage on jetting 
characteristics is widely expected and implicit in these calculations, its influence on the jetting limits 
has not been clarified.  We show here experimentally that the relationships between Vo and the two 
Oh limits are approximately linear, and the jetting boundaries can thus be depicted on a Vo–Oh 
diagram.  We also show the droplet iso-velocity lines run substantially parallel to the lower jetting 
boundary.  Hence this Vo–Oh diagram provides a useful representation of the jettable fluid space.  
These findings are useful not only to the ijp practitioner, but reveal a fundamental feature of fluid 





3.2 Design of model fluids 
 
Solutions with Oh between 0.02 and 0.6 were prepared by varying the composition of the 
water–isopropanol–ethylene glycol ternary solvent system. The dynamic viscosities were 
measured in an oscillating piston viscometer (Cambridge Viscosity Viscolab 450) at room 
temperature. The surface tensions were determined by pendant drop shape analysis (First 
Angstrom FTA 1000C). These solutions were sequentially loaded into the fluid cavity of a 10-pL 16-
jet shear-mode print head (Dimatix DMC-11610) which was mounted on an inkjet printer (Dimatix 
DMP-2831).  The nozzle orifice (round) was 21 m in diameter.  The print head was operated in 
the fire-then-fill mode utilizing a single compressive pulse delivered by a rectangular voltage 
waveform, with initial and final V = 0 V, ramp up time 0.5 s, dwell time 6 s and ramp down time 
0.5 s, to produce a specified pulse amplitude Vo and at a repetition rate of 1 kHz.  This is a simple 
“universal” waveform that we have found to work well for all the fluids here, and also polymer 
solutions.  The fluid droplet meniscus was projected from the orifice within ca. 2 s of electrical 
excitation.  Thus the piezo deflection response time was estimated to be 2 s.  This approximated 
timing can be derived by taking the speed of acoustic wave generated due to the piezo-acutator 
compression along the micro-channel of the inkjet to be ~1300m/s; acoustic speed in water is 
~1400m/s and ~1300m/s in chlorobenzene at 20oC. The microchannel of inkjet head for Dimatix 
11610 (refer to Figure 2-8) is around ~2.5mm as determined from the cross-sectional dissection of 
the printhead that was performed. Thus, the time taken for the generated acoustic wave pressure 
to reach the nozzle of the printhead, which equates to time for ink droplet to be jetted out from the 
nozzle, is found by 2.5x10
‐3
ଵଷ଴଴ ൎ 2ݔ10ି଺.  
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The jetted droplet has a nominal volume of 10 pL.  The ramp time can be increased also to 
2 s, and dwell time to 10 s without changing the results qualitatively.  Typically, 3–6 jets were 
fired simultaneously and observed by the built-in strobe camera to check for repeatability and 
stability.  For each fluid, Vo was varied systematically to observe the jetting characteristics.   
 
 
Figure 3-1: Fluid compositions (i)–(xiii) annotated with a, b =  viscosity (mPa s), surface 
tension (mN m–1). 
 
Figure 3-1 and Table 3-1 show the set of Newtonian model fluids that span a wide 
viscosity and surface tension space.  It is well known that the Oh number provides an appropriate 
dimensionless grouping of fluid properties (density , surface tension  and dynamic viscosity ) 









,    (3.2) 
Briefly, the jetting of fluid columns with large Oh numbers is dominated by viscous effects in which 
the input energy goes primarily into viscous dissipation rather than kinetic and surface energies 
[33]. Thus fluid droplets cannot be jetted beyond an Oh limit for a given transducer because of this 
excessive viscous dissipation.  On the other hand, the jetting of fluid columns with low Oh numbers 
is dominated by capillary effects.  Below an Oh limit, the fluid column gives multiple pinch-off to 
produce satellite droplets that do not remerge with the primary droplet.  Thus although fluid 
droplets can be jetted, the occurrence of persistent satellites makes this regime not useful for 
practical droplet-on-demand applications. This has been predicted theoretically and clarified by a 








Table 3-1: Properties of fluids measured at 22ºC: dynamic viscosity, surface tension, 
density, and Ohnesorge number Oh. 
 Fluid  (mPa s)  (mN m–1)  (kg m–3) Oha 
(i) W 100% 0.96 72 1000 0.025 
(ii) W 95% + IPA 5% 1.07 71 990 0.029 
(iii) W 91% + IPA 9% 1.17 70 980 0.032 
(iv) W 83% + IPA 17% 1.59 55 964 0.049 
(v) W 73% + IPA 27% 2.29 44 941 0.080 
(vi) W 30% + IPA 70% 3.34 27 850 0.16 
(vii) EG 68%+ W 32%   5.9 49 1084 0.18 
(viii) EG 30% + IPA 30% + W 40% 4.4 29 969 0.19 
(ix) EG 25% + IPA 75% 4.3 27 867 0.20 
(x) EG 34% + IPA 33% + W 33% 5.0 29 966 0.21 
(xi) EG 50% + IPA 50% 7.9 29 949 0.33 
(xii) EG 99% + W 1% 16 47 1113 0.51 
(xiii) IPA 100% 2.25 23 786 0.11 
 
Footnote:   
a   Oh was computed from (3.1) in text. The characteristic length was taken to be the nozzle 





3.3 Satellite-free inkjet printing 
 
Figures 3-2 to Figure 3-4 show representative images of the jetted fluid from the Dimatix 
DMC-11610 microfabricated shear-mode transducer array, recorded as a function of elapsed time 
by the built-in strobe camera for different Oh and Vo.  The applied Vo determines the maximum 
bending displacement of the piezo actuator wall of the fluid channel [51], and hence the maximum 
pressure pulse and fluid volume displaced.  In contrast to the well-studied macro tube transducers, 
the behavior of short microfabricated fluid channels is dominated by the pulse amplitude Vo, rather 
than the pulse length.  The acoustic speed within the fluid channel is estimated to be 1.5 mm s–1.  
For the fluid channel length of ca. 2.5 mm, the round-trip pulse transit time is only ca. 3.3 s, which 
is short compared to the pulse duration (7 s).   
 
In well-studied inkjet transducer using macro-channel, the pulse duration is longer and 
thus the reflected acoustic wave from the opposite end of the inkjet nozzle due to piezo-acutator 
excitation will introduce superposition of acoustic waves as the piezo-acutator deflect to original 
state at the end of a jetting pulse cycle.  However, in the case of micro-channel based inkjet 
transducer used here, the round trip time is ~3.3µs, which is shorter than the pulse duration of 
~7µs used in the jetting waveform (a.ka. universal waveform here) for superposition of acoustic 
waves to be significant. In other words, the exact pulse length and shape is not so critical here for 





Several qualitative features in the jet formation can be distinguished depending on Oh and 
Vo.  Figure 3-2 shows the images for representative high Oh droplets (Oh = 0.33).  At a small Vo 
(14 V), just at the jetting threshold, the projected fluid comprises a leading head that is connected 
with a short tail.  This tail pinches off at the nozzle after 20 s and retracts into the head after 35 
s to give a single droplet.  At a larger Vo (16 V), the projected fluid acquires a higher speed and a 
longer tail.  This pinches off after a longer time of 25 s and retracts into the leading head after 40 
s to still give a single droplet.  At an even larger Vo (20 V), just above the single droplet regime, 
the projected droplet speed increases further, but the tail is now drawn out into a long thin thread.  
It pinches off not only at the nozzle but also at the neck of the leading head to generate a satellite 





Figure 3-2: Droplet formation for fluid (xi) with Oh = 0.33 ( = 7.9 cP,  = 29 mN m–1).  Images 
are annotated with strobe delay.  Spacing between blue lines is 100 m.  The upward going 
droplet is the reflected image reflected at the nozzle plate.  The 130-s image for Vo = 20 V is 
located further below the other images and up-shifted for presentation.  The inset gives the 
applied jetting voltage waveform (t1 = 0.5 s, t2 = 6 s, t3 = 0.5 s).  Positive voltage 





Figure 3-3: Droplet formation for fluid (iv) with Oh = 0.049 ( = 1.6 cP,  = 55 mN m–1). 
 





 Figure 3-3 shows images for representative low Oh droplets (Oh = 0.049). For this small 
Oh number, capillary effects dominate, and the droplet tail becomes susceptible to capillary wave 
formation and Rayleigh breakup.  At a small Vo (11 V) but above the jetting threshold (9 V), the 
projected fluid initially comprises a droplet with a short tail that pinches off at the nozzle after 20 s.  
However this visibly undergo Rayleigh breakup even though it eventually retracts after 30 s into 
the leading droplet.  At a larger Vo (13 V), the tail pinches off at both the nozzle and neck of the 
leading head to give a transient satellite droplet.  This catches up and coalesces with the primary 
droplet after 75 s.  At an even larger Vo (16 V), the tail develops into a trailing head and the fluid 
column breaks up into three pieces by pinching off at both the leading and trailing heads.  This 
gives two satellites that trail the primary droplet.  Although the satellites subsequently recombine, 
the secondary droplet produced fails to catch up with the primary droplet.   Figure 3-4 shows a 
similar behaviour for droplets with an even lower Oh number (0.025), but the onset of jetting and 
persistent satellite formation is now shifted to even lower Vo (8V and 14 V respectively).  As Oh 
decreases, the tail shortens, and the time to pinch off also shortens. 
 
It is clear from a cursory examination of these results, and also those in the literature, that 
there is a simple dependence of jet formation on Vo although this appears to have been little 
discussed in the literature.  Increasing Vo increases the speed and tail length of the projected fluid 
over the entire Oh space, which eventually causes break up to satellites.  Conversely, decreasing 
Vo decreases droplet speed and ultimately stops jetting. This behavior parallels that of the droplet 
Oh where increasing Oh decreases tail length and the attendant breakup, while decreasing Oh 
decreases droplet speed and eventually stops jetting at a fixed Vo [45-47]. 
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These results thus suggest it is useful to display the relationship in a Vo–Oh plot that gives 
the Vo range as a function of Oh for single-droplet jetting.  This is shown in Figure 3-5.  We 
operationally define jetting to be “single droplet” if any satellite formed recombines with the primary 
droplet within a typical stand-off distance of 500 m to the substrate.  If the satellite is slower than 
the leading droplet, it becomes persistent and causes problems by landing separately.  In the 
diagram, the maximum pulse amplitude Vo,max  (closed symbols) corresponds to that just below the 
onset of persistent satellite formation, while the minimum pulse amplitude Vo,min (open symbols) 
corresponds to that just above the jetting threshold.  This plot thus defines the jettable fluid region 
in the two variables Vo and Oh.  The plot reveals that Vo,max and Vo,min vary approximately linearly 
with Oh for 0.02 < Oh < 0.5.  Therefore the jettable fluid space depends in a simple way on Oh and 
the peak pressure amplitude or fluid displacement.   
 
This relationship is not simply an artifact of a variation of ℓ with Vo.  The droplet volume 
varies as Vo0.5 or less, which means that ℓ varies as Vo0.17 or less.  Thus taking the droplet ℓ to be 
fixed to the orifice size is a sufficiently good approximation, as the weak dependence of droplet 





Figure 3-5: Vo–Oh jettability diagram: plot of the maximum and minimum pulse amplitudes 
for single-droplet formation using a unipolar rectangular fire-then-fill waveform against the 
Ohnesorge number for the Dimatix DMC-11610 microfabricated shear-mode transducer 
array printer (pulse length 7 µs).  The shaded space gives the jettable fluid region.  The 
lower jetting boundary corresponds to an initial droplet speed of ca. 2 m s–1, while the upper 
boundary 8 m s–1, with evenly spaced iso-velocity lines in between.   This form of the 
jettable region is likely to be general.  The pulse amplitude Vo has been recorded to the 







3.4 Control of droplet speed 
 
The wide range over which Vo can be usefully varied for the microfabricated transducer in 
the single-droplet regime makes it possible to study the dependence of droplet speed and of 
droplet formation time on Vo.  The droplet speed is a key parameter that determines the accuracy 
of droplet placement.  To determine this, we measured the time dependence of the displacement of 
its leading edge.  This distance–time plot was then differentiated to get the instantaneous speed–
time plot.  Several examples are shown in Figure 3-6 for different fluids for Vo,min < Vo < Vo,max.  At 
short times, the speed of the leading edge of the projected fluid column decreases sharply because 
of conversion of kinetic to surface and viscous energies [33, 56] .  After a certain elapsed time, 
which we denote here the final-state time tf, the tail has pinched off to give the final spherical 
droplet in free flight.  It is clear that this droplet continues to decelerate due to air drag, as may 
have been expected [36], though again often neglected in the literature.  By matching the 
theoretical speed–time plot for a free-flight droplet under drag to the experimental data, we can find 
tf from the moment the droplet enters free flight, and also crucially determine the corresponding 
initial speed uo.   
 






1  ,     (3.2) 
where v is the instantaneous speed, g is the acceleration due to gravity, m is the droplet mass (1.1 
x 10−11 kg), A is its cross-sectional area (5.3 x 10−10 m2), and Cd is the drag coefficient.  The 
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dependence on Cd on Re is known [57, 58], which we found can very accurately be described by 
the following empirical function over a very wide Re range of 0.001 < Re < 30,000:  
log(Cd) = 1.47 –8.91x10-1 *[log(Re)] +5.88x10–2 *[log(Re)]2 +1.40x10–2 *[log(Re)]3 + 3.36x10–4 
*[log(Re)]4 –2.12x10–4 *[log(Re)]5  (3.3). 
With this function, (3.2) can be numerically integrated and compared with experimental data. 
 
 
Figure 3-6: Speed–time plots of the leading edge of the fluid droplet.  The boundary between 
the shaded and open regions denotes the final-state time tf for formation of the detached 




We found excellent agreement to all the data obtained at times longer than a few tens of 
s, from which uo can be accurately obtained.  There are no free parameters other than uo 
because the equation of motion of a particle in free fall is completely determined by its 
instantaneous speed.  This indicates the free-fall droplets produced are indeed decelerating 
towards their terminal speed due to air drag.  The terminal speed of these droplets is found from 
the fits to be 2 cm s−1, where Stokes law: 
r
mguT  6 ,   (3.4), 
becomes valid (Re = 0.033), and gives also the same result.  Therefore it is clear that ijp typically 
produces droplets with an initial uo that is far above uT.  As a consequence, air-drag deceleration 
dominates if the stand-off distance is long.  This can cause significant evaporative losses and 
landing errors.  Since tf demarcates the time when the droplet speed–time characteristic becomes 
that of free flight, it can be taken also as the time for droplet formation, which turns out to be 20–30 
s for a wide range of jetting conditions.  
 
We can then investigate the dependence of uo on Vo for different droplet Oh, as shown in 
Figure 3-7.  We found that uo varies linearly with Vo above a threshold with a common slope of 1.1 
m s–1 V–1 across all data sets that suggest its independence of fluid properties. The linear 
dependence of droplet speed on Vo appears to be general, as it has been found also for paraffin 
waxes jetted by a tubular transducer [59], and polymer solutions jetted by several microfabricated 
transducers and a tubular transducer [56].  This arises simply from the linear dependence of the 
pressure and displacement amplitudes on Vo.  However the fluid-independent slope appears to be 
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unique to short channel microfabricated transducers.  The fluid behaves in the incompressible 




~    (3.5), 
where V is the rate of fluid displacement given by the actuator displacement which is independent 
of fluid properties, and A is the nozzle orifice area.   Hence uo scales linearly with Vo for a constant 
actuation time.   
According to Duineveld, a minimum uo can be expected for the jetted droplets [36], and 
approximately given by: 

2ou   (3.6), 
because an inertial force is needed to overcome surface tension.  If ℓ is taken to be the nozzle 
orifice diameter, this equation predicts a minimum uo varying within a small range of 1.7–2.7 m s–1, 
for all the fluids here.  This is broadly in agreement with experiment, which indicates 1.5–2.5 m s–1.  
At the other extreme, the maximum uo in the satellite-free region is ca. 8 m s–1 at Vo,max.    
 
The results here over a wide Oh range suggest that the minimum uo can be regarded as 
constant, ca. 2 m s–1, for all practical purposes.  Even if it has explicit  and  dependences, the 
variation produced is small.  Therefore the linear dependence of uo on Vo above threshold indicates 
that the iso-velocity lines, i.e., lines of constant uo, are practically parallel to the lower Vo–Oh jetting 
boundary in Figure 3-5.  Thus the lower jetting boundary corresponds to approximately 2 m s–1 
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while the upper boundary 8 m s–1, with evenly spaced iso-velocity lines in-between.  Hence it is 
possible to systematically achieve single-droplet jetting and select the droplet speed from the Vo–
Oh diagram.   
 
Figure 3-7: Plot of initial droplet speed vs pulse amplitude for fluid droplets with different 
Oh.  The slope is 1.1 m s–1 V–1.  The lowest data on each chain gives the Vo,min (correct to 1 V) 







In summary, we propose that the jettable fluid space particularly for a commercial short-
channel microfabricated transducer can be usefully represented on a VoOh diagram, where Vo is 
the voltage pulse amplitude of the actuation transducer.   We obtained a number of remarkably 
simple results: (i) Both the minimum and maximum Vo for single-droplet jetting scales 
approximately linearly with Oh, and so the jettable Oh range shifts linearly with Vo.  (ii)  The jetted 
droplet speed is linear in Vo, with a slope that is fluid independent, but a threshold that scales with 
fluid droplet Oh.  (iii)  A minimum droplet speed occurs, of approximately 2 m s–1 here, which 
implies the existence of iso-velocity lines in the VoOh jettable space that are parallel to the lower 
jetting boundary.   These results provide new insights into an operation regime of the droplet-on-
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Chapter 4 Halogenated solvent-free inkjet printing of P3HT:PCBM films 
 
Inkjet printing has great potential as a mask-less deposition tool for the rapid prototyping 
and manufacturing of large area polymer organic semiconductor (OSC) circuits and solar cells, in 
addition to pixelated displays that are being actively developed by industry.  In contrast to pixelated 
displays where the ink is deposited into pre-defined well structures, free-form inkjet printing of 
functional films, in some requirements as thin as tens of nanometers, faces numerous additional 
challenges, including fluid contact-line depinning, fluid migration within the pinned boundaries 
which gives rise to undesirable drying morphologies such as the well-known “coffee stain” effect, 
and also “volcano” and “hillside” effects, and also slow drying of the low volatility solvents.  It will be 
demonstrated here that these issues can be substantially overcome through the simple use of a 
low-volatility borderline–poor co-solvent together with an appropriate dynamic drying profile, for a 
model regioregular poly(3-hexylthiophene): phenyl-C61-butyric acid methyl ester (P3HT:PCBM) 
donor–acceptor system suitable for photovoltaic applications.  By incorporating a low-volatility 
aromatic hydrocarbon as borderline–poor co-solvent, the solvent quality for the OSC can be quickly 
lowered as the liquid film begins to dry. The resultant gelation of the polymer immobilises the 
contact line and inhibits fluid migration.  This advantageously works more effectively at ambient 
than elevated temperatures.  This work thus reveals guidelines that can successfully overcome the 
most severe challenges of printing quality patterned functional polymer OSC thin films without 
using chlorinated solvents.  Since these challenges are common to other forms of printing which 







Inkjet printing, a materials deposition technique in which individual liquid droplets are 
ejected through an orifice in a controlled manner, is potentially one of the most versatile printing 
techniques today [1-4]. It can be utilized in a single nozzle mode to deposit droplets with sub-50 
m resolution, or in a multi-nozzle mode to deposit a film with pre-determined dimensions. The 
inkjet printer can deposit on-demand the material at the selected location when the actuation 
voltage pulse is applied while the print head is over the desired location on the substrate.  This is 
an additive deposition technique that leads to minimum materials wastage. Furthermore there is no 
contact to the substrate surface as the head prints at a pre-defined height, and so there is no 
danger of surface damage of the substrate.  In principle the technique is fully scalable to 
accommodate large area substrates. Finally relatively low-cost research-grade printers are 
available for prototyping and development work. This allows detailed investigations of ink droplet 
formation to be performed [5-9], and also of film formation from liquid pools, in particular the 
dependence of the film morphology on the print process conditions [10-16]. Recently differences 
between the optoelectronic and transport properties of inkjet-printed vs spin-cast and drop-cast 
P3HT films have been investigated [17]. The morphology of an inkjet-printed film can show 





Although the inkjet printing is a mature technique in graphics printing, its migration to be 
utilized commercially as a deposition tool for printed electronics is not without challenges. Notably, 
printing on impervious and non-absorbing surfaces such as silicon, glass and plastic remain a 
problem as it requires the inkjet deposited droplet to pin on the surface. Because the droplets are 
not absorbed onto the surfaces, the liquid without sufficient pinning can flow under surface tension, 
capillary and Marangoni effects. As such, one-dimension printed lines can form into bulges and 
break up completely into a chain of droplets while deposited film can completely dewet and migrate 
from the surface. This challenge has been surmounted in polymer light-emitting display using inkjet 
printing by developing pre-defined wells with appropriate wetting and dewetting properties. In 
contrast for free-form printing where the surface is not pre-patterned this may not be practical.  
 
One of the most well-known morphology challenges in inkjet-printed films is the “coffee 
stain” effect due to enhanced evaporation rate at the edge of the drying pool that is characterised 
by a contact angle smaller than 90° [18-21]. This inhomogeneous evaporation induces a capillary 
fluid flow from the centre of the pool to its edges, which causes a preferential deposition and 
buildup of the film at the contact line to give a tall rim, which is not generally useful for organic 
electronics.  Several approaches have been developed to suppress this tendency. One strategy is 
to cool the platen to depress the solvent evaporation rate so that material diffusion can counteract 
the capillary flow, as suggested for PEDT films [13].  Another strategy is to use surface-tension 
gradients to induce a Marangoni flow to counteract this capillary flow, such as in an evaporating 
mixture of a high-surface-tension and a lower-surface-tension solvent with different boiling points, 
as was reported for oxide nanoparticles [22]. As the lower-boiling component evaporates, it sets up 
a Marangoni flow that circulates the fluid in the pool.  Yet another strategy is to use a good solvent 
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mixture comprising a minor fraction of high-boiling and a major fraction of lower-boiling-point 
solvent to delay formation of the rim and give a more uniform film profile, as demonstrated for 
polystyrene [23], polymer: fullerene blends [24], and other polymer OSCs [24, 25]. Such mixtures 
may comprise components with different surface tensions, and so the evaporating fluid pool may 
benefit from an additional Marangoni effect.  Yet another strategy is to induce a phase change in 
the printed fluid pool, such as by gelation of TiO2 colloids [26], or solidification of molten wax 
composites [27].  
 
Chlorobenzene and related chlorinated aromatic hydrocarbons are amongst the best 
solvents with a suitably low volatility for printing of a wide variety of semicrystalline polymer OSCs.  
This is why several studies have been conducted recently to improve the film quality of polymer: 
fullerene blends [24, 28-30] and also other polymer OSC films [24, 25, 31], based on these 
solvents.  However there is an emerging environmental concern with the use of these solvents, 
which also turn out to be highly corrosive to a variety of polymeric and elastomeric parts in the 
printers.  Therefore, alternative solvent systems that are not based on chlorinated aromatic 







4.2 Ink formulation 
4.2.1 Practical solvent vapour pressure range 
 
The solvent is a vital component of the “ink” formulation, as it is responsible to keep the 
solid system (here the polymer: fullerene blend) in solution for delivery by the print head. One of 
the most important considerations in the selection of a suitable solvent system is whether reliable 
jetting can be maintained over a long period of time (of several hours). This requires the use of a 
solvent with reasonably low vapour pressure at room temperature (i.e., high boiling point) such that 
the evaporation loss of the solvent at the nozzles is suppressed and clogging at the nozzles does 
not occur. In our experience a suitable vapour pressure is less than 10 mbar.  Furthermore if the 
vapour pressure exceeds ca. 50 mbar, we found the jetting becomes impossible, presumably due 
to the formation of cavity bubbles within the print head during piezo actuation.  However, if the 
vapour pressure is too low, the printed fluid film takes an inordinately long time to dry.  In our 
experience, a printed fluid pool that is 70 m tall with a vapour pressure of 1 mbar takes more than 
1 h to dry, although this can be shorten to a few minutes at reduced pressure (vide infra).  
Therefore this sets the practical volatility for the solvent for inkjet printing of organic films to be 
roughly between 1–10 mbar.  This corresponds approximately to a solvent normal boiling point 
typically between 100–200°C. 
 
Another key consideration is whether the fluid film dries down uniformly to the final film 
without moving from its intended deposition location or changing its perimeter shape. The stability 
of the contact line of the fluid pool on an impervious surface is determined by the contact angle and 
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its hysteresis [32].  This is determined by a complex interaction between the solvent, solute and 
surface.  The film wetting and dewetting on surfaces can be quantified by the macroscopic 
spreading coefficient S which is dependent on the interaction of the various interfaces as:  
S = SV  (LVLS) = LV (cos eq1)  (4.1), 
where  is the surface tension for various interfaces (substrate, S; vapor, V and liquid, L). eq is the 
equilibrium contact angle that the film makes with the substrate. A film on a substrate completely 
wets the substrate when S  0 and dewets when S  0 to minimize the contact area. Based on the 
advancing and receding contact angle of the solution, the hysteresis H: 
H = LV (cos r – cos a)   (4.2), 
where r, a is the receding and advancing contact angle quantifies the contact line pinning. Good 
pinning on the contact line occurs when H > 0. Assuming that the surface tension changes in the 
substrate (SV) are minimal, most of the spreading are governed by solution-vapor surface tension 
which can be estimated by the solvent surface tension since polymer are typically present in 0.25 
wt % here.  
 
Table 4-1 shows the physical properties of the solvents used in this study. The relative 
solvent power for the 1.5: 1 P3HT: PCBM blend was determined by visual observation of a 2.5 mg 
mL–1 solution that has been pre-annealed at 100ºC for 10 min. The time taken by the solutions to 
precipitate materials on the wall of the vial is defined as the time-to-aggregation tag [33, 34]. Both 
CB and DCB are known good solvents for P3HT, and their solutions do not precipitate P3HT even 
after months (i.e., tag is assumed to be ∞). In contrast, TOL is a borderline–good solvent for P3HT 
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with tag of several hours, while both BB and MS are borderline–poor solvents with tag of 4 and 6 min 
respectively.  The BB solution is clear orange solution at 100°C, but this quickly becomes dark red 
and precipitates P3HT after 4 min of cool down to room temperature.   This thus provides a set of 
solvents with different volatilities and solvation power to investigate the inkjet film formation.  DCB 
was previously reported to result in contact-line depinning, which could be mitigated by a 7:3 v/v 
DCB: MS mixture to deposit relatively more uniform P3HT: PCBM films [28].    
 
Table 4-1: Physical properties of the solvents used in this study. 2.5 mg/mL solutions of 
P3HT:PCBM (1.5:1) in the respective solvent were heated at 100°C for 10 min. The time 











pvap (mbar) Time to 
aggregate, tagg20°C 60°C
Chlorobenzene CB 131 33 9 66 ∞
1,2-dichlorobenzene DCB 181 37 1 11 ∞
Toluene TOL 111 26 22 139 < 1 day
Mesitylene MS 165 26 2 18 6 min
Butylbenzene BB 183 28 0.7 9 4 min
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4.2.2 Suppressing the coffee-stain effect. 
 
Figure 4-1 shows the optical image and thickness profile of the films printed from CB, DCB, 
3: 3: 4 v/v BB: MS: CB, and 8: 2 v/v BB: TOL at 28°C.  CB and DCB are both good solvents, while 
the BB: MS: CB composition was a poorer solvent, and the BB: TOL composition was the poorest.  
This was established by the transmission UV-Vis spectra of 2.5 mg mL–1 solutions measured 10 
min after cool down from 100°C (Figure 4-2).  While the CB and DCB solutions show a 
transmission edge at ca. 560 nm, the BB: TOL composition gives a red-shifted edge at ca. 640 nm.  
This red-shift is due to the emergence of -stacked P3HT aggregates [34, 35]. Therefore the BB: 
TOL composition is clearly a poorer solvent for P3HT.  The BB: MS: CB gives intermediate 
behavior because of a higher volume fraction of the best solvent component (CB) in this system.  
In all cases, a certain minimum fraction of a good solvent component is necessary to keep the 






Figure 4-1: The effect of solvent quality on P3HT:PCBM (1.5:1 wt %) film morphology at 28°C. 
(a) 4.5mg/mL in chlorobenzene (CB). (b) 4.5mg/mL in 1,2-dichlorobenzene (DCB). (c) 
4.5mg/mL in BB: MS: CB (3:3:4 v/v). (d) ,2.5mg/mL in BB: TOL (8:2 v/v). The height profiles 
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Figure 4-2: UV-Vis spectra of 2.5 mg/mL solutions in CB, DCB, CB: DCB (9:1 v/v) and 
BB:TOL (8:2) measured after the solutions were cooled down to room temperature for 10 
min. The solutions in CB, DCB and mixed CB: DCB solutions remained clear during the 
measurements while the BB:TOL solution had already turned dark and solid deposits were 































The films printed from CB and DCB solutions typically show good contact-line pinning but 
a very severe coffee stain effect that renders accurate control of film thickness extremely 
challenging. The optical thickness profile shows a thick rim several hundred microns in width and 
almost ten times the height of the centre. In addition, for the CB film, a “hillside” morphology was 
observed, characterised by a buildup of material over the earlier printed lanes that slopes into a 
thin flat film region that corresponds to the later printed lanes.  This morphology does not appear to 
have been reported before.  We postulate it arises from differential drying leading to an osmosis-
driven fluid flow from the recent printed region which is more dilute to the earlier printed region 
which is semi-dry and hence more concentrated.  This morphology is thus a consequence of 
differential drying in a film printed in lanes.  The condition for it to occur is expected to be: tℓ << tℓd < 
tp, where tℓ is the time to print a lane (i.e., one pass), tℓd is the time for an isolated lane to dry, and tp 
is the time to print the film with tp = n tℓ, where n is the number of lane passes making up the film.  
In the case of the CB film printed here, with a nozzle pitch d = 12 m, and at 28°C, tℓ  ≈ 8 s,  tℓd ≈ 2 
min,  tp  ≈ 3.7 min.  For the DCB film, tℓd increases to 20 min, and so this differential drying effect 
disappears.  Furthermore, if the CB film was printed in one single pass, this morphology would also 
not occur although the coffee stain effect will still persist. 
 
However when the low-volatility solvent was changed to a poor solvent BB (which has 
similar vapour pressure as DCB and hence takes similarly long to dry), the coffee-stain effect 
completely disappears.  This is true for both the BB: MS: CB and BB: TOL systems.  We propose 
the remarkable suppression of the coffee-stain rim is due to the rapid increase in the viscosity of 
the fluid film as the more volatile solvent which is also a good solvent for P3HT (here CB and TOL 




Figure 4-3: Evolution of solvent composition with time for a BB: TOL (8: 2 v/v) mixture at 
20°C (solid lines) and 60°C (dotted lines). The more volatile TOL is completely evaporated 
away by the time the evaporation loss fraction reaches 40%. 
 
Figure 4-3 illustrates how the solvent composition of the fluid film rapidly shifts towards the 
less volatile solvent as the mixture evaporates.  The composition of the fluid films was computed as 
a function of the evaporation volume loss for the 8: 2 v/v BB: TOL mixture at 20°C and 60°C.  The 
evaporation rate E (in thickness per unit time) is determined by the combined effects of diffusion 
and buoyancy-induced convection of the vapour layer [36]. This is known to be: 



















where Dm the solvent molecular diffusivity in air, R is the gas constant, T is the temperature, M is 
the solvent molecular weight,  is the solvent density, pvap is the solvent vapour pressure, z is the 
air counter-diffusion correction factor (≈ 1.0 for the practical inkjet solvents), and heff is the effective 
vapour thickness, which for a liquid film on a large flat surface under quiescent conditions was 
experimentally measured to be 1.8 mm [36].  For each time step, we computed the volume loss of 
each of the two components, allowed the remaining fluid film to equilibrate in composition, and then 
recomputed the vapour pressure assumed to be given by Raoult’s law (vapour pressure of an ideal 
solution is directly dependent on the vapour pressure of each chemical component and the mole 
fraction of the component present in the solution), and the new evaporation rate.  We assumed that 
the fluid film to be flat and to be isothermal with the substrate and surroundings.  By integrating the 
component volumes forward in time, we can thus compute how the composition of fluid changes as 
evaporation proceeds.  The temperature dependence of pvap was computed from the Antoine 
coefficients of the solvents using Antoine equation: 
݈݋ ଵ݃଴݌ ൌ ܣ െ ஻஼ା்   (4.4) 
where p is the vapor pressure, T is temperature and A, B and C are the Antoine coefficients 
 
The results show that at room temperature, the more volatile good solvent TOL almost 
completely evaporates away by the time 30% of the fluid film is evaporated to leave an essentially 
BB in the fluid film.  This arises because TOL has a pvap that is almost 30 times as high as that of 
BB at room temperature.  As a result the solvent quality of the printed fluid is rapidly quenched into 
the poor solvent regime soon after the fluid is deposited on the substrate.  This results in -
stacking of the P3HT chains.  The gelation transition that occurs as a consequence greatly 
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increases the viscosity of the fluid which then suppresses fluid flow and the attendant undesirable 
morphology effects.  
 
Figure 4-4: Plot of viscosity versus concentration for CB, DCB and BB:TOL (8:2) solutions. 
-stacking of P3HT chains dominate and gelation occurs leading to a rapid increase in 
viscosity in the BB: TOL solution when the concentration is increased.    
 
This increase in viscosity at such a transition can already be seen in the viscosity–
concentration plots of P3HT: PCBM, as shown in Figure 4-4.  Whereas the solution viscosity for 
both the CB and DCB solutions increase almost linearly with concentration to just above 1 cP for 
the CB system, and just above 2 cP the DCB system, at 20 mg mL–1, the viscosity in the 8: 2 BB: 
TOL system increases to well above 100 cP (beyond measurement ceiling) below 15 mg mL–1.  
This indicates the onset of gelation at this concentration in BB: TOL, which shifts to even lower 

























Good contact-line pinning was observed for the film printed from the BB: Tol solvent 
system but not from the BB: MS: CB system.  We investigated the printed film profile at room 
temperature from solutions containing different volume fractions of CB, from 40% (lowest fraction 
required for stable jetting) to 80%, while keeping the volume ratio of BB: MS at 1: 1.  The results 
show that contact-line depinning occurred in all cases and the printed fluid retracted to an area that 
is much smaller than the initial printed area, in contrast to when pure CB solution was printed.  We 
speculate the loss of contact-line pinning in the solvent mixture with CB is related to the Marangoni 
recirculation set up when the higher surface-tension component evaporates differentially, 






4.3 Platen temperature 
 
The platen temperature is known to exert a pronounced effect on the printed film profile.   
Increasing the temperature generally causes the coffee-stain effect to be more pronounced [13] 
and the print lane patterns to emerge. This is shown here also for the set of four solvents printed at 
different temperatures between 20°C and 60°C.  In addition, we observed a hillside morphology 
that emerges as the temperature increases, just below the onset for the emergence of the print 
lane patterns.  We found generally that lowering the temperature to 20°C (or below) is beneficial to 
achieving a good printed film profile for P3HT: PCBM.  In particular the near ideal film profile is 
given by the BB: TOL system at 20°C. 
 
Figure 4-5 shows the optical images of the films printed from the four solvents at fixed 
pitch (d = 12 m) at different platen temperature. When the solution is printed from a good solvent 
with high vapor pressure such as chlorobenzene, the print lanes become evident as the platen 
temperature increases (Figure 4-5a). Each of these 5 x 5 mm solution film took 3 min to print. At 
20°C, tℓ < tℓd and a concentric drying pattern was observed. Stick-slip patterns were also formed as 
the solution front retracts over the drying film surface. At 25°C < T < 40°C, tℓ approaches tℓd while 
the solvent quality improves with increasing temperature. This causes the solution to flow within the 
pinned boundaries and preferentially towards the earlier print lanes. At temperatures above 45°C, 
tℓd becomes much shorter than tp hence the solvent evaporates rapidly leaving behind the solid 
deposit before the next lane is printed where rapid evaporation continued to take place leading to 





Figure 4-5: Effect of platen temperature on film morphology. Optical image of films printed from (a) CB, (b) DCB, (c) CB: DCB (9:1 v/v) and 
(d) BB: TOL (8:2 v/v) solutions at increasing platen temperature and drop spacing d=12m, and left to dry under quiescent conditions are 
shown. Red dotted lines define the preset print pattern. 








When a moderately good solvent with higher boiling such as 1,2-dichlorobenzene was 
used, the problem of visible printed lanes were not observed within the temperature range 
investigated here (Figure 4-5b). At platen temperature from 20°C  60°C, a similar concentric 
drying pattern was seen where even at T = 60°C, the tℓd remained longer than tp such that no 
visible print tracks were formed. However at T ≥ 40°C, a persistent problem with the shape 
preservation of the printed film was observed. As the temperature increases, the edge of the 
printed liquid is no longer “pinned” by a forming P3HT film. This occurs as the solvent quality 
improves and solution viscosity drops as the temperature increases. –stacking in the P3HT 
chains diminishes at the higher temperatures, and so solution remains bright orange infinitely. The 
solution deposited continues to flow freely on the surface and independent of the initial predefined 
shape it is printed into. As the solvent evaporates, the viscosity increases until the solution 
becomes gel-like in which solution flow is retarded and finally a solid film is formed.  
 
Figure 4-5c shows the optical images of the films printed form a mixed solvent system 
made up of chlorobenzene and dichlorobenzene in the ratio 9: 1 v/v. The undesirable problem of 
visible print lanes was also observed albeit at the onset of a higher temperature than when the 
solution was printed from pure chlorobenzene. At temperatures lower than the critical temperature 
for tℓd << td where visible print lanes are formed, the solution flows within the pinned boundaries in 
a stick-slip mechanism. Figure 4-5d shows the optical images of the films printed from BB: TOL, a 
poor solvent system for P3HT: PCBM. Good shape preservation was still observed at 60°C as 
compared to DCB although there was an obvious migration of the solution towards the top of the 
film. In both cases, however the coffee-stain effect becomes severe as temperature increases 
where thick rims are formed at the edges of the printed films.   
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These results clearly establish the importance of polymer solute pinning at an early stage 
of the liquid-film drying in order to preserve the predefined film boundary.  Therefore control of the 
solvation power such that some flow occurs in the beginning to smoothen the print droplet 
placement straddle and early pinning while the solution still flows will be important for successful 
printing of these films on impervious substrate. Increasing the platen temperature increases the 
solvent quality which tends to be unfavorable for establishing contact-line pinning and for 
suppressing the coffee-stain effect.  Here the demonstration that the use of a suitable poor solvent 
system can promote pinning of the liquid film and hence shape preservation, while suppressing 
coffee stain effect. This is an effect not found in inkjet printing of colloids or small crystallisable 








In this work, the printing of P3HT: PCBM solar cell films was studied, because the donor–
acceptor morphology and device physics of this system has been most well characterised in the 
literature [37-40], though still not so well studied for inkjet printing [29]. In the course of this work, it 
was found that through the use of a less volatile aromatic hydrocarbon that is a borderline-poor co-
solvent (e.g., butylbenzene) for the polymer OSC as the major component together with a more 
volatile good solvent (e.g., toluene) as the minor component, it is possible to effectively suppress 
the undesirable contact-line depinning and fluid migration to produce macroscopic printed thin films 
with the near ideal bread top profile.  Such a mixture provides a sufficiently high solvation power to 
avoid polymer choking of the print head nozzle and give a long solution jetting viability.  However 
as the printed fluid film dries, the rapid loss of the good solvent causes the polymer OSC to -stack 
and “gel up”, which suppresses fluid motion to promote the uniform drying to the desired film 
morphology.  This presents a new solvent processing strategy that is in principle applicable to other 
systems that can π-stack when the solvent system used is shifted from borderline to poor so as to 
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Chapter 5 Inkjet printed polymer:fullerene solar cell 
 
In previous chapter, it was found that by careful control of solvent system and the platen 
temperature, photovoltaic active layer of P3HT:PCBM inkjet printed from a mixed solvent system of 
high boiling point poor solvent as major component can yield a near ideal film morphology. The key 
is that by controlling the solubility quality of the solution to control polymer-solvent interaction is 
found to be an important factor in controlling pinning of inkjet printed film and suppression of coffee 
stain. In this chapter, based on the above strategies, P3HT:PCBM will be used as a model organic 
photovoltaic in preparing the ink composition to be used in a piezo-based 16-nozzle 10 pL inkjet 
printer (Dimatix).  In additional, the application of an appropriate decompression pressure–time 
profile is found important not only to tremendously shorten the drying time of the printed films (by a 
factor of ten here, compared to quiescent conditions), but also to suppress fluid migration to 
achieve near ideal film morphology. Inkjet printed organic photovoltaic devices fabricated this way 
showed power conversion efficiencies approaching that of spin-cast devices. As a result, the new 
design and processing guidelines (solvent mixtures, temperature control and dynamic drying 
control) proposed in this work for printing of functional film for organic optoelectronics are 








Amongst all the printing techniques, inkjet printing is presently the one that is most 
amenable to extensive prototyping in research labs, because of the much smaller volume of 
materials solution it can work with (down to 1 mL).  Since this technique requires the deposition of 
solutions based on slow-drying solvents in common with the other printing methods, these 
investigations are expected to shed light on the general considerations that drive film morphology 
when formed from such slow-drying solvents.  Because the optoelectronic and transport properties 
of polymer OSCs in particularly strongly depend on this morphology, such studies also reveal 
important aspects in the behavior of these materials that help us to understand a wider section of 
the structure–morphology–properties space of polymer OSCs and their devices.   Thus the 
investigation of inkjet-printed films could then potentially serve as a model to help understand other 
forms of roll-to-roll printing techniques such as gravure printing which are less accessible. 
 
  Inkjet printed film morphology can show different interchain order and packing of rrP3HT 
films as compared to spin-casting and drop-casting [1].  These variations are revealed by their →
* and C1s→* electronic spectra measured by variable-angle spectroscopic ellipsometry and 
near-edge X-ray absorption fine structure spectroscopy respectively. Single-nozzle inkjet printed 
film can produce high crystallinity and differing populations of various -stacked states than 
dropcast. This can be attributed to repeated solvent swelling–deswelling of the film when droplets 




Solvent evaporation process is important in controlling droplet and film morphology in all 
deposition processes [2]. Due to the pinning of the contact line in a droplet, there is an uneven 
distribution of material as capillary flow brings materials to the edges from the centre to replenish 
the evaporation, producing the commonly observed “coffee stain” effect [3]. Coffee stain effect in a 
single droplet can be prevented by surface tension gradient induced Marangoni flow [4-6].   In 
Chapter 4, investigation on the conditions of to study the factors to free-form print a uniform two-
dimension well-defined film on smooth, impervious surface without dewetting based on a mixed 
solvent system was carried out. In particular, a mixed solvent system, based on high boiling poor 
solvent as the major component and low boiling good solvent as minor component to ensure 
jettability, allows the inkjet printing of a near ideal film of P3HT:PCBM - a model polymer:fullerene 
organic solar cell system used throughout this thesis.       
 
 Thus, in order for inkjet printing to be realised as a low cost OSC deposition process, 
organic solar cell in this context, a holistic processing strategy that considers not only the ink 
jettability and film morphology but also the nano-structural assembly of the material system chosen 
for the OSC functional film being inkjet deposited is required. This is important as the latter is 
intricately related to the OSC electronic and optical properties that will determine the OSC 
application performance. This chapter seeks this holistic approach of developing an inkjet 




5.2 Inkjet printing of P3HT:PCBM solar cell films 
 
The polymer: fullerene solution is prepared by dissolving P3HT (>97% regioregular, Mn = 
15–45k; Plexcore OS 1100, Plextronics) and PCBM (Nano-C) were in the weight ratio of 1.5: 1 into 
various solvent systems. This composition is close to the optimal for solar cell performance [7-10]. 
The resultant solutions were heated at 100˚C for 10 min in the glovebox and cooled for 10 min 
before loading into the Dimatix print cartridge (DMC-11610).  
 
50-nm thick poly(3,4-ethylenedioxythiophene) doped with poly(styrenesulfonic acid) (PEDT: 
PSSH) films on indium-tin oxide (ITO)–glass were used as the substrates to study the printing of 
the P3HT: PCBM films onto practical hole-collection contacts.  The PEDT:PSSH (Baytron P, 
Leverkussen, Germany) was reformulated to give a 1:16 weight/ weight PEDT: PSSH material by 
diluting with PSSH [11]. The PEDT: PSSH films were deposited by spin-casting on the SC1-
cleaned ITO–glass substrates for film characterisation studies and device studies respectively, and 
then annealed at 110C for 10 min (hotplate, N2 glovebox) to remove the residual moisture. 
 
The P3HT: PCBM solutions were de-gassed at 100 mbar, and loaded into the DMC-11610 
cartridges of the materials inkjet printer (Dimatix DMP -2831). The nozzles were then purged by 
pressurisation to clear the chamber of air and the excitation pulse voltage amplitude adjusted to 
achieve a uniform jetting velocity of ca. 6 ms–1 with no satellite droplet formation [1]. Trial square 
films of 55-mm were printed using all 16 nozzles firing simultaneously with a variable preselected 
drop spacing.  For a typical drop spacing of 12 m, the square film is printed using 28 passes (i.e., 
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print lanes).  For target platen temperatures lower than 28°C, the substrates were placed on a pre-
calibrated commercial Peltier-cooler. UV–Vis absorption spectra of printed films were collected in 
the N2 glovebox using a diode array spectrograph (DW1024, Ocean Optics). 
 
The optical images of the inkjet-printed films were recorded using a 12.1-megapixel CMOS 
sensor array of a digital camera in the transmission mode using white light from a fluorescent lamp 
that has been passed through an optical diffuser. The green channel of the CMOS sensor array 
was extracted, since the P3HT: PCBM absorbs strongly in this region, to construct the transmission 
image by taking –log(I /Io), where I is the intensity at a film pixel and Io is the intensity at a 
surrounding pixel.  This method has the advantage of providing an optical thickness image of the 
entire printed film at once with a suitable resolution (few m), which scales directly with the 
topographic film thickness.  Actual film thickness was measured using a profiler (KLA Tencor).     
 
For actual device, 10x10-mm square films of P3HT: PCBM was printed over a 50-nm-thick 
PEDT: PSSH film on ITO–glass.  The printing of the solar cell devices was conducted in the dark 
condition to avoid photo-oxidation and photo-doping of the films [12]. The films were then annealed 
to 140˚C for 10 min (hotplate, N2 glovebox) [13, 14]. The films were dried in a decompression 
chamber as described in the text, and then annealed at 140˚C for 10 min (hotplate, N2 glovebox).  
The films were then loaded in the evaporator to deposit a 100 nm-thick Al film by thermal 
evaporation at a base pressure of 3x10–7 Torr to give electron-collection electrodes that define 
eight 4.3-mm2 pixels on each substrate.  These solar cells were then measured in a home-built 
vacuum chamber under 1.0-sun equivalent solar irradiation from a commercial AM1.5 solar 
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simulator (Newport) that has been cross-checked with the calibration facility at the Singapore Solar 








5.3 Dynamic drying of inkjet printed P3HT:PCBM films 
 
While printing onto platen held at room temperature (or slightly below) greatly alleviates 
the coffee-stain effect, it leads to unreasonably long drying times for the BB: TOL solvent system 
that can give the near ideal film profile.  The P3HT: PCBM film printed from BB: TOL (8: 2 v/v) took 
more than 1 hr to dry when left under quiescent conditions. To shorten the drying time, one can 
impose a laminar flow across the fluid film to increase the mass transfer coefficient into air.  
However we found this to be not effective at the wind speeds that can be practically imposed (< 2 
m s–1) before causing displacement of the fluid.  Instead we found a more effective approach is 
controlled vacuum drying.  
 
Figure 5-1 illustrates the pressure–time profiles of three drying protocols studied. I is 
quiescent drying in the ambient cleanroom air, II is the optimal dynamic drying, while III is an over-
optimal dynamic drying.  The dynamic drying comprises three stages: (i) controlled decompression 
to a partial vacuum just above the vapour pressure of the fluid mixture (100 mbar here) at a rate 
(ca. –5 mbar s–1) to de-gas the fluid film without causing bubble formation from the dissolved gases; 
(ii) holding the pressure to facilitate the near complete drying of film; and (iii) evacuating to below 
the pvap of the least volatile component.   The final drying stage is crucial to remove a possible slow 
“solvent” annealing of the polymer: fullerene film morphology if a fraction of the least volatile 
solvent persists in the polymer blend film.   For the ca. 300-nm-thick films printed from the optimal 
BB: TOL solvent system, quiescent drying took ca. 1 hr, while the films subjected to the dynamic 




Figure 5-1: Pressure-time profile for efficient drying of inkjet-printed films under vacuum 
and ambient conditions. Solid line shows optimal decompression pressure-time profile and 
dotted lines represent the profiles under rapid drying and under ambient conditions. Stages 
involved are (i) de-gassing to remove dissolved or trapped air in the solution film; (ii) 
evaporation of lower boiling point component in a mixed solvent system and (iii) 
evaporation of higher boiling point component in a mixed solvent system. 
 
 
Figure 5-2 shows the importance of applying the optimal drying protocol.  The films dried 
under quiescent conditions for a range of drop spacings (d = 10 and 12 m; Figure 5-2a-b) 
produce a more hill-like morphology than films dried under the optimal dynamic protocol (Figure 
5-2c-d).  When the decompression rate becomes too fast (drying protocol III), the film morphology 





























optimal vacuum drying 
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Therefore the use of a good–poor solvent mixture comprising a less volatile poor solvent 
and a more volatile good solvent, and the optimal dynamic drying protocol can produce P3HT: 
PCBM blend films with the ideal flat top profile.  Since the underlying mechanisms are size 
independent, we expect that good quality films from mm to bigger than cm sizes can be produced 
this way.  The use of non-halogenated aromatic hydrocarbons here is also advantageous for 
environmental and processing reasons.  However there is a question of how this new deposition 
protocol affects the -stacking of the P3HT chains in the blend film.  To investigate this, we 
measured the UV-Vis spectra of the pristine films printed from a 2.5 mg mL–1 solution in CB, DCB 
and BB: TOL (8: 2 v/v) (Figure 5-3).  The results show that the inkjet-printed films printed from all 
the three solvent systems are highly ordered as deposited even before annealing, as shown by the 
clearly resolved vibronic peaks at 605 nm, 560 nm and 520 nm,  in contrast to the usual spin-cast 
blend films whereby the relative intensity of 0-0 (605nm) transition peak are lower [1, 15] due to 
more disorderd P3HT domains. Therefore the inkjet printed films are considerably more ordered 
than spin-cast films, as has also recently been established for inkjet printed P3HT films [1]. 
Furthermore, the BB: TOL system results in even better order of the P3HT domains than the good 





Figure 5-2: Optical image of films printed from BB:TOL (8:2) solutions at 20°C. The height 
profiles measured along the dotted lines are shown below each image. (a) and (b) are films 
printed with d=10 and 12 µm and left to dry under quiescent conditions on the platen. (c) 
and (d) are films printed with d=10 and 12 µm and were subjected to dynamic drying. (e) 
shows an example of the film dried under a non-optimal pressure-time profile leading to 
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Figure 5-3: UV-Vis spectra of pristine films printed from 2.5 mg/mL solutions in CB, DCB 





























5.4 Inkjet printed P3HT:PCBM OPV performance 
 
Since the order and phase dimensions of the P3HT domains are critical parameters for 
solar cell performance, and these have been affected by the optimal inkjet printing protocol 
developed here, it is important to check the solar cell performance of devices fabricated by this 
protocol.  All device P3HT: PCBM films were inkjet printed in the dark to avoid photo-oxidation [12]. 
These films were printed with a variety of d values between 10 and 14 μm, to obtain different final 
film thicknesses, on PEDT: PSSH coated ITO–glass substrates and dried under quiescent or 
dynamic conditions.  The rest of the fabrication details are found in section 5.2.  An image of the 
typical inkjet printed OPV sample shown in Figure 5-4, with eight devices on it.  
 
 





The current–voltage characteristics of these devices were measured under an AM 1.5 
simulated solar light source. The typical current–voltage curves of the devices are shown in Figure 
5-5.   
 
Figure 5-5: Current-voltage characteristics of inkjet-printed P3HT: PCBM (1.5:1 wt %) 
devices from BB: TOL (8:2 v/v) solutions at 20°C. The devices were measured against a 
calibrated reference under 1-sun illumination.  The films in (a) and (b) were dried under 

































































































The solar cell performance parameters are summarized in Table 5-1 and it is shown that 
the open-circuit voltage Voc of the dynamically-dried devices are 0.60 V, higher than those of the 
quiescent-dried devices which are 0.45 V. The short-circuit current density jsc of the dynamically-
dried devices (8.3 mA cm–2) are also higher than those of the quiescent-dried devices (7.4 mA cm–
2). As for the fill factor,  the inkjet printed devices for both dynamic and quiescent drying are pretty 
similar ~44%. As a result, the dynamic-dried inkjet printed OPV devices had power conversion 
efficiencies (PCE) that are higher than that of the of the quiescent-dried OPV devices at 
comparable film thicknesses. 
 
Table 5-1: Device performance for P3HT: PCBM (1.5: 1 wt %) films of printed from BB: TOL 
(8: 2 v/v) solutions at 20°C. The thicknesses of the films were controlled by varying the drop 
spacing. The films were subjected to dry under quiescent conditions and dynamic drying 
respectively. 
 
This is presumably due to a longer drying time where phase coarsening of the polymer: 
fullerene blend may occur in a quiescent drying process as compared to a dynamic drying process. 
Figure 5-6 shows the atomic force microscopy images of the films prepared by ijp from BB:TOL 










Dynamic 101 8.33 0.60 45.0 2.2
Dynamic 77 8.30 0.60 43.3 2.1
Quiescent 95 7.42 0.45 43.0 1.4
Quiescent 77 7.25 0.45 44.0 1.4
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under ambient conditions and one prepared from the CB:DCB solvent by spin-casting. The film 
from BB:TOL dried under vacuum conditions is smooth, with hillocks that are tens of nm wide and 
2–3 nm high, and finer nodules.  In contrast, the film dried under quiescent conditions exhibits a 
highly textured surface topography characterized by ultrafine elongated and parallel phases that 
are 10 nm wide and several tens of nm long.   
 
Figure 5-6: Tapping mode AFM topography micrographs of 1.5:1 w/w P3HT:PCBM  films 
formed from 2.5 mg mL−1 solutions of (a) CB:DCB {9:1}, spin-cast, 20nm-thick, (b) CB:DCB 
(9:1), inkjet-printed and subjected to quiescent drying, 60nm-thick, (c) BB:TOL {8:2}, inkjet-
printed and subjected to quiescent drying, 77nm-thick, (d) BB:TOL {8:2} inkjet-printed and 
subjected to optimal vacuum drying (refer to Figure 5-1), 77nm-thick. Solid lines in yellow 

















This suggests a more complete phase separation occurs between P3HT and PCBM when 
dried very slowly (ca. 1 h), even though the separation length scale remains on the ultrafine length 
scale.  In contrast, the film from CB:DCB dried under quiescent conditions is smooth with hillocks 
several tens of nm wide and few nm tall.  Finally the spin-cast film from CB:DCB has the smoothest 
topography, as expected of late phase separation in the fast film formation process.  Overall these 
results show remarkably that the ijp solvent quenching method has promoted a more extensive 
phase separation but still on the ultrafine (sub-20-nm) length scale that should be conducive to 
OPV operation, provided that phase contiguity is preserved throughout the film thickness. 
 
Furthermore, x-ray diffraction data reveal that the P3HT:PCBM films prepared from the 
good–borderline solvent system, but not the good solvent systems, shows an incipient -stacking 
to give ordered (planarized) P3HT chains. Figure 5-7 shows the –2 X-ray diffractograms of films 
prepared from the BB:TOL system, compared to CB:DCB.  Both systems dry down finally from 
solvents with similarly low volatilities.  However the films from BB:TOL again shows a Bragg 
reflection at 5.25º (d-spacing = 17 Å) that is due to the (100) reflection of P3HT. The coherence 






coh  is ca. 15 nm.  
However no higher order reflections were observed.  Also no reflections from PCBM crystals were 
visible.  Therefore the solvent quenching here has not led to the formation of macroscopic pure 
phases.  The incipient -stacking molecular order suggested by XRD produced by the solvent 





Figure 5-7: θ-2θ XRD diffractograms of films on glass substrates printed from 2.5 mg mL–1 
solution in 8:2 BB:TOL compared to 9:1 CB:DCB, after anneal at 140ºC (10 min).  Quiescent 
refers to drying in the cleanroom ambient.  Vacuum refers to optimal vacuum drying 
protocol defined in Figure 5-1. 
 
These results are remarkable as it demonstrates the possibility as well as unconventional 
wisdom of depositing organic functional films in a borderline solvent that can broadens the choice 
solvent selection thinkable previously. In this context, it allows the use of non-chlorinated aromatic 
hydrocarbon, which is much more environmentally friendly than the typical chlorinated aromatic 
hydrocarbon that has practically limitation in terms of industrial usage approval as the world pushes 
for ‘green’ manufacturing, without making significant, if any, sacrifice in organic optoelectronics 



















It was demonstrated that film morphology issues can be substantially overcome through 
the simple use of a low-volatility borderline–poor co-solvent together with an appropriate dynamic 
drying profile, for a model regioregular poly(3-hexylthiophene): phenyl-C61-butyric acid methyl ester 
(P3HT:PCBM) donor–acceptor system suitable for photovoltaic applications.  These two 
approaches together successfully produce the ideal “bread-top” profile for these films.  Printed 
organic solar cells fabricated this way show power conversion efficiencies that closely approach 
those of corresponding optimized spin-cast devices, although there is a small performance gap that 
is related to a residual phase coarsening in the printed films. This work thus reveals two new 
processing guidelines that can successfully overcome the most severe challenges of printing 
quality patterned functional polymer OSC thin films without using chlorinated solvents.  Since these 
challenges are common to other forms of printing which require the use of slow-drying solvents, the 
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Chapter 6 Summary and outlook 
 
From this work, we propose that the jettable fluid space particularly for a commercial short-
channel microfabricated transducer can be usefully represented on a VoOh diagram, where Vo is 
the voltage pulse amplitude of the actuation transducer.   These results provide new insights into 
an operation regime of the droplet-on-demand printers, and useful scaling rules for optimizing jet 
formation for materials and device research (i.e. organic semiconductor and organic 
(opto)electronics in this context). 
 
It was also found that through the use of a less volatile aromatic hydrocarbon that is a 
borderline-poor co-solvent as the major component together with a more volatile good solvent as 
the minor component, it is possible to effectively suppress the undesirable contact-line depinning 
and fluid migration to produce macroscopic printed thin films with the near ideal bread top profile.  
Such a mixture provides a sufficiently high solvation power to avoid polymer choking of the print 
head nozzle and give a long solution jetting viability.  This presents a new solvent processing 
strategy to suppress the “coffee stain” and the other undesirable drying morphology effects.  
 
Lastly, it was demonstrated that film mporophology issues can be substantially overcome 
through the simple use of a low-volatility borderline–poor co-solvent together with an appropriate 
dynamic drying profile, for a model regioregular poly(3-hexylthiophene): phenyl-C61-butyric acid 
methyl ester (P3HT:PCBM) donor–acceptor system suitable for photovoltaic applications.  These 
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two approaches together successfully produce the ideal “bread-top” profile for these films.  Printed 
organic solar cells fabricated this way show power conversion efficiencies that closely approach 
those of corresponding optimized spin-cast devices, although there is a small performance gap that 
is related to a residual phase coarsening in the printed films. This work thus reveals two new 
processing guidelines that can successfully overcome the most severe challenges of printing 
quality patterned functional polymer OSC thin films without using chlorinated solvents.  Since these 
challenges are common to other forms of printing which require the use of slow-drying solvents, the 
approaches here are also likely to be useful for those techniques. 
 
Currently, the general strategies proposed here for printing near ideal film morphology for 
organic device are only demonstrated at a lab scale. It will be interesting to adopt this set of 
guidelines at an even larger scale approaching commercial product scale to identify new 
challenges and findings. Some possible challenges such as printing time, in-situ vacuum drying 
and different drying dynamics of larger film can be foreseeable for inkjet printing of organic 
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